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Preface 



HE INSPIRATIOX FOR THIS text goGS back to a statement 
by Sir W. Lawrence Bragg in the writer’s hearing, to tlie 
effect that what industry most needed was someone to 
interpret tlie findings of the scientist to the industrial 
technologist. By implication the practical applications 
should be left to the latter. Hence this is not a scholarly 
book. Even if the author could have written profoundly, 
the foundryman would not have read his text. Nor is it a 
handbook of foundry practice. Tlie author did not wish 
to describe an art but to deal with the scientific basis of 
that art, leaving the reader to get his detailed knowledge 
irom the existing enormous literature. 

The content of the present book is, in large measure, an 
abridgment and simplification of lectures on Theoretical 
Metallurgy and on Foundry Physics given by the author 
m the graduate school of Case Institute of Technology. 

The book is directed to engineering students contemplat¬ 
ing specializing in foundry practice. It may serve to 
correlate their work in the fundamental sciences with the 
piocesses they will encounter in practice. 

It is also directed to the foundry engineer, who since his 

paduation from college may have become sufficiently hazy 

in theoretical knowledge to make a refresher course 
desirable. 
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The order of presentation is thought to be logical for the 
purpose, since it begins with fundamentals of the propeities 
of matter and energy and then takes subjects in theii older 
in the foundry and not in that of scientific development. 

Wliile this has sometimes separated the treatment of a 
given principle into several parts, it has assembled in one 
place all of the fundamental concepts pertinent to a given 
operation. 

Every effort has been made to simplify the scientific 
development of the subject and to eliminate mathematics. 
The chemist and physicist may criticize the treatment as 
being of the cookbook character, but our principal audience 
is probably more interested in a statement of scientific laws 
and relationships than in a demonstration of their truth. 
Those who wish to pursue the indicated conclusions to 
their sources are to be commended and are referred to the 
numerous purely scientific texts that already exist. 

Unfortunately it is not possible to present the informa¬ 
tion contained in this book in so simplified a manner that 
it can be read by those having no formal preparation at all 
in chemistry, physics, and mathematics. The reader is 
supposed to have at least a reading acciuaintance with the 
elements of these disciplines, including the ability to read 
sample expressions in calculus notation. 

It seems to be true that one does not completely under¬ 
stand a subject in the physical sciences until it can be dis¬ 
cussed in quantitative terms. Perhaps we do not know all 
tlie pertinent numerical values, but the form of relation¬ 
ships cannot be accurately understood except in equations. 

So far as his ability and the character of the subject 
permit, the writer has avoided a formal, rigorous, and 
pedantic exposition. The harm done by lack of com¬ 
plete precision is perhaps more than balanced by greater 
readability. 

The desire to avoid a stilted form of presentation has 
necessitated certain practices that the academically minded 



PREFACE 


9 # 

VU 

may dislike. Practically all the illustrative diagrams are 
aigely schematic in character and do not pretend to high 

Se 1 ^''^"ble a figure as might be attain- 

cth in fi rr* V. r ^spe. 

fac s amo, f Tff'' ‘f "''"i agreement as to 

tacts among different observers. Nor was it thought 

desirable to document each statement by reference to the 

hteiature, in the form of footnotes. Very obviously only a 

•small part of the facts in such a book are original wiSi the 

author, but the maintenance of a complete Lerence file 
tracing each statement to the initial authority, was not 

Sol'cT”'« «.°3 

Well-known laws common to many texts are referred to 
by the names with which they are customarilj- identified 
the htei ature. In a few cases, when facts or a vieii point 
me largely the work of one man, the publication of origin is 
mentioned m the text. When literal quotations from 

the areirivolved, permission to use 

e material m as obtained from the owner of the copyright. 

Nomenclature 

Since this book deals with a number of scientific and 

som^S I?'"*"’ S? presented 

some difficulties. The various disciplines involved often 

use the same symbol to designate different things For 

xample, had we adhered to the well-established Gilbert 

Lewis terminology for thermodynamics, it would have been 

of krowf 1 ° "'ell-established usage in other branches 

to b' fvo'i^r " 

confu1ion'l'.'®''®T P^eiple was thought to cause more 
confusion than it avoided. Usually in every field the termi- 

no ogy of writers most familiar to the author was followed 

incurring some risk of confusion when the same letter means 
different things in different contexts and chapters. 
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To avoid such confusion as far as possible, the meaning 
of a symbol is usually given in the text as it is used. 

Supplementary Reading 

For the guidance of those wishing more extended or 
detailed information, a Supplementary Reading list is 
appended comprising both standard texts and recent 
periodical publications. The list includes both semipopular 
and highly technical treatments. Textbooks of wide appli¬ 
cation are in general listed under the chapters where their 
use seemed most useful. 
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CHAPTER 


Energy and the Structure of Matter 


Until the followers of tlie higher physics liad their 

way with us, foundry metallurgists and all other engineers 
lived contented and satisfied lives in a fairly simple world. 
Perhaps it only seemed simple from long acquaintance. 

Conservation of Matter and Energy 

Matter was indestructible and consisted of only a few 
more than 80 elements, although others were suspected to 
exist and the properties of the missing ones could be 
predicted. These elements could not be transmuted one 
into another, but they combined in many complex ways; 
however, they always combined in amounts proportional to 
the atomic weights of the elements. The constants of 
proportionality were whole numbers representing valence a 
characteristic of each element. ’ 

Energy could exist in several forms but could not be 
created or destroyed and constantly tended to convert into 
the form of heat, which in turn tended to so distribute itself 
as to reduce temperature differences and therefore become 
unavailable. And that was that. 
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To be sure, there were some stumbling blocks. A whole 
new column had to be added to the periodic table \^hen the 
noble gases, which do not possess valence, were discovered. 
Some elements had a disconcerting variety of valences, 
manganese, for example, is unkind enough to form all the 
oxides from MnO to Mn 207 . The construction of so-called 
structural formulas was done very successfully by the 
organic chemists, but assigning an explanation for such a 
compound as FesO, in which carbon (valence 4) combined 
with () or 9 iron valences, or else iron combined with itself, 
smacked of puzzle working rather than science. Also some 
atomic weights, such as that for chlorine (35.457), were 
certainly not whole numbers within the precision of experi¬ 
ment, and iodine (126.92) and tellurium (127.61) were 
apparently interchanged in the periodic table, a matter that 
caused some able men to doubt whether the latter was an 
element. 

Despite all this we got along happily in our ignorance 
in a world in which all things could be measured when 
reduced in the last analysis to terms of length, mass, and 
time. 

Relativity 

Here the relativists upset the applecart. It had always 
been thought that radiation was transmitted in a highly 
mysterious and somewhat improbable substance, called the 
luminiferous ether, having no mass and enormous rigidity 
and pervading all space, Michelson and Morley’s famous 
experiment had shown that if there were such a medium the 
earth did not move through it. The development under 
the leadership of FitzGerald, Lorentz, and Einstein of the 
relativity theory that time, length, and mass are not 
invariable but depend upon the relative velocities of the 
observer and the observed, knocked our former concept of 
an orderly universe literally askew. 

Minkowski introduced us into a four-dimensional world 
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in which to the familiar length, breadth, and thickness, 
time is added as a dimension. If I am to describe my 
position in the cosmos I must not only say that I am on the 
third floor of a building at 42nd Street and 5th Avenue, but 
I must also say at what time I am there. In Minkowski’s 
world a second on the time scale is equivalent to 186,000 
miles on the distance scale. 

According to present-day relativity ideas the mass of a 
body increases, and its length decreases as its speed with 
reference to the spectator increases until, if the body moves 
with the velocity of light, its mass becomes infinite and its 
length in the direction of motion becomes zero. Fortu¬ 
nately we do not often measure projectiles flying past us 
much more rapidly than rifle bullets, but the researcher in 
modern physics does measure the mass of electrons or 
helium nuclei that have velocities important in this 
connection. 

Even though we do not deal, in foundries, with velocities 
comparable to that of light or with particles comparable to 
atoms or electrons, a few conclusions of the relativists will 
be of interest in connection with future thinking, flatter 
is a form of energy. The energy available when matter 
disappears (it is not destroyed but only converted to an 
equivalent amount of something else) is represented by the 
equation 

E = Mc\ 

which says that the energy that appears (in ergs) when a 
given mass M (in grams) of anything disappears is the 
product of the mass and the square of the velocity of light 
(3 X 10^° cm sec“^). Obtaining power directly from the 
destruction of matter, which perhaps goes on in the stars, 
has become the contemporary philosopher’s stone. Just 
how enormous this source of power might be can be realized 
by comparing the amount of energy evolved by burning 1 
gram of carbon to CO 2 (7859 cal) with the amount equiva- 



6 


FOUNDRY SCIENCE 


lent to its complete conversion into energy (21.5 X 10'^ cal), 

a ratio of 2,700,000,000 to 1. 

It also appears that certain very fundamental concepts, 
with which we shall deal later, do not change in magnitude 
because of relativity considerations. These are number, 
entropy, and action, that is, the product of energy and 
time. Also the world of relativity is so constructed that 
the velocity of light is always the same. 

Atomic Structure 

The atomic physicists were interested in explaining the 
familiar periodic table of Lothar Meyer and Mendelejeff. 
The latter thought of his table mainly as an empirical 
record of observed fact. The later students substituted 
for the idea of a series of elements, which had grown to 
92 in number, the idea of more fundamental building blocks, 
protons and electrons. We may note m passing that later 
they had to add other units, the neutron, the positron, the 
neutrino, and the mesotron, with which we need not have 
much to do. 

Protons and electrons have mass and electrical charge, 
which is about all one can say as to their characteristics. 
Their electrical charge is 4.80 X static cgs unit of 

charge, or 1,60 X coulomb. The charge on the 

electron is negative; that on the proton positive. The 
proton Aveighs 1.06 X 10 “ 2 -> g; that is, there are about 6 
followed by 23 zeros protons in a gram. The electron 
weiglis about 1/1800 of this amount, or 9.1 X 10““® g. 
ITsually one encounters the charge of the electron and the 
mass of the electron or proton as convenient units of 
measurement in atomic structure, making unnecessary the 
awkward conversion to cgs units. It is well, however, to 
have their values of record. 

Out of these units we are to build the existing atoms in 
some manner that will explain the vagaries of the periodic 
table as well as its consistencies. 
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We speak of single atoms, not of aggregates. The 
hydrogen atom consists of a single proton and a single 
electron. 

A nucleus cannot contain more than one proton and be 
stable, since the two positive charges would repel one 
another. For more protons there must be added also 
neutrons. Nature has a great preference for atoms con¬ 
taining the same number of neutrons as protons. Harkins 
found that about 85% of the atoms in the earth had this 
relation. The next choice is one neutron more than the 
number of protons, which accounts for some 13% of the 
total. 

There are other principles. Atoms containing an even 
number of neutrons are much more common than those 
containing an odd number. Similarly, there is a preference 
for even numbers of protons. The combination of an odd 
number of both neutrons and protons is almost unknown. 

The number of neutrons in excess of the number of 
protons increases with the atomic number (number of 
protons), and the range in atomic numbers capable of 
retaining a given excess number of neutrons decreases with 
the atomic number. Atoms of low atomic number exist 
in much larger quantity in the universe than the heavier 
ones. 

Each atom contains a number of electrons equal to the 
number of protons arranged outside the very small central 
nucleus. What is now called a neutron was at one time 
thought to be a proton plus an electron, embedded as it 
were in the assembly of protons. To the foundry metal¬ 
lurgist it will make little difference whether a neutron con¬ 
tains both a positive and a negative charge, which cancel in 
effect, or whether it contains no charge at all. The 
neutron is smaller than the electron; hence it cannot contain 
an electron, as such. It weighs more than a proton plus 
an electron. 

How the electrons are disposed, if not in the nucleus. 



8 


FOUNDRY SCIENCE 


has become less and less understandable. J. J. Thomson 
and Langmuir thought of static patterns; Bohr thought of a 
series of planetary orbits. According to De Broglie, 
Heisenberg, Schrodinger, and Dirac the problem can be 
described only by certain mathematical equations; these 
would have meaning only to those especially educated in 

the field. 

This much remains of use to the chemist. As electrons 
and protons are added the former arrange themselves in 
layers. Hydrogen and helium have one layer containing 
one or two electrons. Then another layer is started that 
may contain from 1 (lithium) to S (argon) electrons. Then 

another layer is started and so on. 

The outer layer or shell, most important to us, can never 
contain over 8 electrons, and elements having the same 
number of outer (or valence) electrons have similar chem¬ 
ical and related properties. 

It is not always true that inner shells of electrons are 
completely filled before the outer shell is begun. It is 
possible, then, to have elements, such as the transition 
triads and the rare earths, that have the same number of 
valence electrons but a different number of electrons in the 
inner shells, and, because of the corresponding difference 
in the number of protons, different atomic weights, account¬ 
ing for a similarity of chemical properties, such as valence, 
for atoms of successive atomic numbers. 

Also many elements are known to be mixtures of isotopes, 
that is, they have nuclei of different masses but identical 
outer electron shells. Their constancy of atomic weight, 
as in chlorine, is due to the fact that they are mixtures in 
nearly constant proportions of two or more isotopes. Any 
given atom is, of course, of one isotope only. 

The distribution of electrons into energy levels and the 
existence of isotopes in natural elements satisfactorily 
account for the periodic table. The metallurgist will find 
use mainly for the knowledge that the outer shell of elec- 
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trons, containing from one to eight electrons, chiefly 
account for the manner in which one element differs 
from another, differences of atomic weight being of less 
importance. 

This may be a suitable place to bring into the picture 
some of the relations developed by Hume-Rothery and 

others between atoms and their configuration into crystal 
lattices. 

Atomic Arrangement 

We shall later have frequent occasion to speak of solid 
solutions. Crystallographically, these are, very generally, 
the lattice of the solvent metal in which certain atoms are 
replaced by those of the solute, usually with some slight 
distortion. In order that solid solubility may exist at all, 
the atoms cannot be too different in size, which here means 
their distance of closest approach in the pure metahs lattice. 

If atoms differ by more than 15%, solid solubility is very 
limited indeed. 

The formation of interstitial solutions b^^ inserting a very 
small atom (H, G, B, and the like) into a vacant space 
between the atoms in a lattice is here disregarded. 

Plainly, if there is to be complete solubility of one element 
in another in the solid state, the two must have the same 
lattice type or at some concentration the t^^pe will change 
and there will not be a continuous series of solutions. By 
lattice type is meant the pattern the atoms make in space, 
face-centered cubic, body-centered cubic, and so on. 

If the atoms are in \\^dely separated columns of the 
periodic table, the tendency to form compounds, that is 
new substances of perhaps greatly differing lattices, will 
overbalance the tendency to substitute for other atoms, and 
little or no solubility will exist. 

The average number of valence electrons per atom in 
intermetallic alloys is related to the lattice type, according 
to Hume-Rothery. For example, in body-centered cubic 
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lattices this number is likely to be near 3/2, and other 
relations exist for other types. The agreement is by no 
means perfect, however. Fractional numbers of valence 
electrons per atom cannot, of course, exist in elements, but 
are limited to intermetallic solutions or compounds. 



Body Centered Face Centered Close Packed 

Cubic Cubic Hexagonal 


Fia. 1-1. Common Metal Lattices. 
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Body Centered Face Centered 

Tetragonal Cubic 

Fig. 1-2. Relation of Lattice Nomenclature to Axes of Reference. 


The atomic physicists are able to assign reasons for these 
lattices, based on the possible energy levels of electrons in a 
crystal. These are beyond the understanding of those not 
versed in their methods. 

Many of the important elements have their atoms 
arranged in body-centered cubic lattices; such are chromium 
(alpha) iron, magnesium, molybdenum, and vanadium. 
Many others are face-centered cubic, such as aluminum, 
copper, gold (gamma) iron, and silver. Silicon and zinc, 
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for example, are hexagonal close-packed. These lattices 
are illustrated in Fig. 1-1. The type of lattice depends 
somewhat upon the axes of reference chosen by the observer. 
Fig. 1-2 shows that a given array of atoms in space might 
be considered either body-centered tetragonal or face- 
centered cubic. 



CHAPTER 


2 


Structure of Fluids and the 
Phase Rule 


u 

illoLECuLES HAVE NOT been so interesting to the X-ray 
diffractionists, who prefer to talk about crystal lattices. 
Still, we cannot ignore them. The best proof of their exist¬ 
ence in gases is the reasoning that led to Avogadro’s law 
that equal volumes of gases at a given temperature and 
pressure contain equal numbers of molecules (not atoms). 
The statement, like so many early laws, is only approxi¬ 
mately correct. Tt is exact for ideal gases, of which more 
shortly. 

Gram Molecules 

Much more recently, the number of molecules in a gram 
equivalent of any substance has been determined. It is 
6.0G X 10^^ and is called Avogadro’s number or the 
Loschmidt number. 

This number is useful as well as interesting, for it makes 

it possible to calculate quickly the density of any gas, using 

the principle that the densities of gases under given condi- 
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tions are proportional to their molecular weights. Con¬ 
versely, we may compute molecular weights from densities. 

Equation of State of a Gas 

Ideal gases have as an equation of state correlating their 
pressure, temperature, and volume the expression 

pV = RT, ( 1 ) 

Here p is pressure, V the volume of a gram molecule, T the 
absolute temperature, and R a universal constant called the 
gas constant. Its numerical value depends upon the units 
chosen for p, F, and T, If p is in atmospheres, V in liters, 
and T in Kelvin degrees (absolute Centigrade scale), R is 
0.08205. The liter atmosphere is rather a queer energy 
unit; if we use the more common energy unit, the calorie, R 
comes out 1.987. (1 cal = 0.04132 liter atmosphere.) 

In ideal gases the molecules are supposed to be so far 
apart that they do not exert any forces on each other, and 
that their own total volume is negligible compared with the 
entire volume occupied by them in their random flight. 
Any gas can be made ideal if its density be reduced enough 
by a decrease in pressure or by an increase in temperature. 
This statement is true, provided heat does not dissociate 
the molecule (as it does the triatomic molecule of iodine 
vapor, or the 4-atom molecule of NH 3 , for example). A 
more general equation of state is van der Waals’ 

(p + ^) (y - b) = RT. (2) 

In this equation the term h is intended to correct for the 
fact that molecules have volume, and a/F^ for their mutual 
attraction. If a and h are zero—that is, if the volume and 
attraction forces are too small to consider—we have an ideal 
gas, and Equation (2) reduces to Equation ( 1 ), the equation 
of state of a perfect gas. 

If one were to plot (as in Fig. 2-1) pressure against 
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(molar) volume for a sufficiently low value of T in Equation 
(2) a curve would be found showing three values of 1 for a 
given value of p. The lowest volume of the three is the 
volume of a mole of the liquid compound, the highest that 
of the gas; the intermediate molar volume, if one exists, 
corresponds to a purely imaginary state in which the fluid 
cannot exist in nature, so we may as well forget about it. 
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Fig. 2-1. rrcssiiro-Voliiine Relations of van tier Waals’ Equation. 

Now, how big is tlie molar vohimo? tliat is, what is the 
volume of a mole or gram molecule of our itleal gas? It 
must be the same for all gases, for the number of molecules 
in a given volume is the same, ami the mass of a given 
volume is therefore proi^ortional to the molecular weight. 

A liter of Ho (molecular weight 2) weighs 0.0S08S g at 1 
atmosphere pressure ami t)°(’ i‘273°K'). 'bhe volume of a 
gram molecule is then 2 -l O.OSRSS or 22.252 liters. We 
can then {-aleulate, for any gas that is approximately ideal, 
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the density under standard conditions, if we know the 
molecular weight, by dividing the latter by 22.252 (or 

multiplying by 0.04494). This calculation has practical 
utility. 

Also we can in principle construct a temperature scale by 
observing the pressure in atmospheres at which the volume 
of a gram molecule of a gas is 22.252 and modifying Equa¬ 
tion (1) to read: 

T -El 
R 

V 

~ 0.08205 ^ 

22.252 
“ 0.08205 ^ 

= (271+)p. 

The correct coefficient would be 273 + . The difference 
resides in just what gas is selected, since none is quite 
ideal. The density of helium would have given 272.95, or 
very nearly the accepted value. 

We have now come to the consideration of liquids and 
gases, which can be lumped together as fluids. The 
principal reason for talking about van der Waals^ equation 
has really been to introduce the study of the change of any 
substance from the liquid to the gaseous state. 

Critical Temperature 

Going back to the graphs that represent this equation, 
if higher and higher temperatures are chosen, the three 
volumes for a given pressure become more nearly alike and 
there is one temperature, called the critical temperature, at 
which all three are alike. Going to still greater tempera¬ 
tures, the locus approaches in form the hyperbola character¬ 
istic of Equation (1). 

Above the critical temperature there is only one value 
of V for a given p. In mathematical terms the cubic 
equation has only one real root and two imaginary ones. 
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At such higher temperatures the gas cannot be liquefied and 
the substance remains a gas, no matter what the pressure. 
This is of practical importance in the liquefaction of gases 

and in refrigeration. 

The reader will ask wliat molar volume should be chosen 
to apply to the .sub.stance at temperatures where there are 
tliree molar volumes, two realizable, for a given pressure. 
This depends upon the relation of the boiling point to 
pressure. One may calculate, by metliods to which ^^e 
shall come iit time, the substance’s boiling point at the 
pressure in which we are interested. A comparison of this 
temperature with the isothermal temperature will show 
whether we have a gas, above tlie boiling point, or a liquid 
below it. There will be one pressure, and only one, at 
which the isotliermal temperature is the boiling point. At 
that pressure the gas and liquid can both exist. At lower 
pressures the gas exists and at higher pressures the liquid. 

Gibbs’s Phase Rule 

How can one make so positive a statement? It is not 
just a matter of memory. Gibbs’s phase laile, one of the 
superlatively great scientific generalizations, says that, at 
e(|uilibrium, 

C + 2 = H + F. 

The letter C indicates thc^nimber of| components in the 
system, P the number of phases, anti F the number of 
degrees of freedom. A component, as the name indicates, 
is one of the things that make up the system. If we 
consider boiling, freezing, or solution involving water, the 
proce.sses being such tliat water does not break up into its 
elements or combine chemically, water is a component. 
Otherwise, say for example its ftuination by combustion, 
its elements might have to he considered. A phase may be 
made of one or more C(>nq)onents but is uniform throughout, 
as ice, water, or salt water. The degrees of freedom of a 
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system are the things to which arbitrary value can be 
assigned and still make a system in equilibrium. 

In our present case there is one component, and we have 
considered the existence of a solid and a liquid phase. 
Then, 1 +2 =2+7^, or F = 1-, Having set a tempera¬ 
ture and required that two phases shall be in equilibrium, 
we cannot arbitrarily set a pressure, but must take what 
comes. On the other hand, if we insist on setting an 
arbitrary temperature and pressure, then 1 + 2 = P -|- 2, 
and we can expect only a single phase, liquid or gas as 
circumstances require. The phase rule comes up in many 
connections. It is introduced here, out of any regular 
order, partly to emphasize that theoretical metallurgy is one 
coherent body of facts. 


Calculation of Critical Temperature 

Let us go back to the very interesting matter of critical 
temperature, the boundary above which the liquid cannot 
exist. It is quite easy to calculate this temperature from 



8 a 

WRb 



Here Te is the critical temperature, and a and h are these 
coefficients in Equation (2). The calculation requires 
differentiation of Equation (2), considering T constant and 
equating the two expressions for which dp/dV is zero. 
This is equivalent to making the maximum and minimum 
coincide. 

On this critical-temperature graph, there is a point, 
corresponding to the three equal roots of Equation (2), 
where dp/dV is zero. The corresponding pressure and 
volume, called critical pressure and critical volume^ pc and 
Vcy are given by 


1 a 
~ 27 6^’ 



and 


y. = 36. 


(5) 
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One may evaluate a and b by determining any two of the 

critical constants or by the method of least squares from a 

series of observations of V, p, and T. 

Van der Waals’ equation is not an exact statement of 

fact, and much discussion of departures and of the relation 
of a and b to molecular volume and intermolecular forces 
can be found in the recent literature. 

Supercooled Liquids 

Van der Waals’ methods set no limit on how low an 
isothermal temperature might be chosen. Unless the 
substances crystallize, the isotherms might be thought of as 
reaching temperatures where viscosity has become so high 
that the .substance has become rigid, hence apparently 
solid without ever passing through a freezing point. This 
actually happens in glass and in slags, mainly acid, that are 
vitreous or gla.s.sy. 



CHAPTER 


Structure of the Solid State 


ASES AND LIQUIDS have been considered assemblages of 
molecules held together by van der Waals’ forces, whatever 
they may be, in the nature of attraction of masses for each 
other. The existence of molecules in liquids is also con¬ 
firmed by certain quantitative relations between their 
freezing or boiling points and compositions in the case of 
solutions. Presumably the apparently solid supercooled 
liquids still contain molecules, or some discontinuity of 
properties would have been recognized as the liquid cooled. 

Crystals versus Molecules 

Perhaps we shall not be too much criticized if we regard 
only crystalline substances as being truly solids. It is 
characteristic of crystals of pure substances that their 
atoms are arranged in certain very definite patterns in 
space. For the metals these patterns are often, though 
not always, quite simple. In such cases, from the crystallo- 
grapher's angle, no atom is any more or less associated with 
its neighbors than another. This and certain specific heat 
relations have usually been held reason enough for not 
thinking of molecules in crystalline metals. 
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Conductivity Electrons 

The reason why the elements of the first two columns of 
the periodic table and the transition metals like to arrange 
their atoms permanently into definite and usually simple 
patterns seems to be beyond the comprehension of those 
not trained in the special fields of mathematics and physics 
involved. It does not tell much to make the correct state¬ 
ment that this arrangement gives the state of lowest free 
energy for the protons and electrons. That defines any 
equilibrium. We shall have much to say about free energy 
later. 

An interesting part of the concept of the metallic state 
is that it implies that when atoms approach as closely as 
they do in crystals, energy levels lose their distinction and 
some electrons become no longer a part of a specific atom 
but of a crystallite. These free electrons account for the 
property of metallic conduction. Under the influence of a 
source of current, electrons pass through the metal and out 
at one end while being continuously replaced at the other. 

Conditions are particularly favorable for the existence 
of these free electrons in elements of the first periodic 
group, especially the alkalies, and these have very high 
conductivities. 

The location of the outer energy level is unusually far 
from the nucleus of alkalic atoms, accounting for the low 
density and high conductivity of those metals. 


Interrelation of Physical Properties 

It was natural to attempt to deduce, from the theories of 
the metallic state, data as to the properties of individual 
metals or to u.se these theories to explain empirical knowl¬ 
edge. Thus Griineiscn found that the electrical con¬ 
ductivity of simple metals over a wide temperature range 
could be expressed by 
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Here a is electrical conductivity, A and 6 are constants 
appropriate to each metal, T is the Kelvin temperature, X is 
a variable of integration, and e is the base of the natural 
system of logarithms. The equation was deduced on the 
assumption that electrical resistance is due to the fact that 
conductivity electrons are stopped by a given number of 
collisions, and hence depends on the mean free path these 
free electrons can travel before striking anything. The 
relation of this mean free path to the electronic pattern of a 
metal determines the constants A and d. 

At very low temperatures 1/cr approaches 124.4AT^ at 
high temperatures AT/4:. Like all theories based on this 
new science, that of metallic conduction is not completely 
accepted in all its details by all experts. The layman can 
only sit at their feet and gather such thoughts as will help 
him to useful knowledge. Often approximations unsatis¬ 
factory to the theorist suffice the practitioner, and occasion¬ 
ally the reverse is true. 

There is also a relation between conductivity for elec¬ 
tricity and for heat called the Wiedemann-Franz law, 
justified by experience and theory, which says 

where k is the thermal conductivity, c the electrical con¬ 
ductivity, R the well-known gas constant, e the charge on 
the electron, N Avogadro's number, and T the Kelvin 
temperature. In the ordinary physical units the ratio of 
the heat conductivity (calories per second at unit tempera¬ 
ture gradient) to that of electrical conductivity in reciprocal 
ohms should be 5.85 X 10“^T, a result often closely 
approached by experiment. See also Equation (2) of 
Chapter 13. 

Griineisen also found that for a given substance the 
specific heat has a constant relation to the coefficient of 
thermal expansion at all temperatures. This means that a 
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■riven input of heat expands a given solid metal by a 
particular amount, no matter at what temperature the heat 

units are put in. 

Structure of Compounds 

To learn in tins chapter something of the solid metallic 
state, it is not nece.ssary to consider anything but the 
elements. Solid solutions are very important to the 
foundryman but can best he studied after the ground has 
been cleared l>y learning a few general principles. 

The opposite extreme to metals among crystallized solids 
are the ionic compounds. These involve usually an element 
in the lithium or beryllium group (valence 1 or 2) and an 
element from the oxygen or fluorine group at the opposite 
side of the table. Tiie principle on which these compounds 
are formed is that a first-column element, say sodium, has 
but 1 valence electron in its outer shell, while chlorine, for 
instance, has 7. Each would like to have an outer shell of 
H and gets this by removing the single electron from sodium, 
leaving a positively charged n>n, and adding it to the outer 
shell of chlorine, leaving it a negatively charged ion. Ions 
resemble the atoms of the same element, with the addition 
or removal of electrons. 

The two ions of opposite electrical charges now attract 
each other as any charged particles would. In space, the 
atoms of sodium cidoride occupy the points of a set of 
cubic cells, these points being occupied alternately by metal 
and halide ions. There is evidence, based on the distance 
of closest approach, that the elements are still ionized. 
Tliey are closer together, center to center, than would be 
predicted fiom tlie shortest distance between atoms in 
the lattice of the elements. There is no X-ray diffraction 
evidence that any particular metallic atom is in any way 
uniquely connected with any one of its neighbors rather 
than another. 

When substances of this kind melt or boil, the liquid or 
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gas often consists of molecules of the substance, not of 
atoms of the elements, which shows the bond between two 
atoms (who knows which two?) to be stronger than that 
between molecules. A parallel case among the metals is 
that lithium vapor is diatomic, although there is no unique¬ 
ness of relation between any pair of atoms in the solid. 



%Na Q)CI 

SALT NaCI 




RUTILE T\Oz 


Fig. 3-1. Atomic Arrangement in Polar Compounds. (Based on 
WykofT.) 


Also, when dissolved in water, ionic compounds behave 
like molecules partly ionized. Such ionic solutions conduct, 
not by the transfer of electrons as the metals do, but by the 
migration of electrically charged matter, ions. The found- 
ryman encounters electrolytic or ionic conduction most 
evidently in electroplating, although some slag reactions 
also seem to point to the possibility of ionization. 

It is easy to talk too much of space lattices, but it should 
be said here that some ionic lattices contain units of ele¬ 
ments that seem equivalent to single elements. Rutile 
(TiOa) is a body-centered arrangement of the Ti02 group, 
the Ti atom taking the body-centered positions. 

Another type of compound seems to be held together by 
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forces that tend to surround an atom of a given kind by 
those of another element arranged in a preferred pattern 
around the former. These are the so-called co-ordination 
compounds, of which cementite is an important example. 
The complex arrangement of atoms in such compounds is 

shown in Fig. 3-2. 



CEMENTITE Fe^C 

Fig. 3-2. Atomic Arrangement in a Co-ordination Compound. 
(Rased on Wykoff.) 

Lastly there are so-called valence crystals occurring 
principally among the elements in the middle of the periodic 
table. Usually tlicse are insulators, the structure per¬ 
mitting of neither electronic nor ionic conduction. Often 
also they are hard, diamond being typical. They shade off 
into nonconducting and softer forms similar to ionic 
crystals. In the case of diamoiul and some other crystals 
having similar lattices, each carbon atom is surrounded by 
four otliers at the corners of a regular tetrahedron, that is, 
a three-sided pyramid, all of whose edges are equal. In any 
case, the number of nearest neighbors is the same as the 
usual chemical valence of the element; hence the name. 
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In the case of quartz the arrangement is similar, except 
that there is an oxygen atom between every pair of silicon 
atoms. When quartz is melted these groupings seemingly 
do not break up, and when the liquid is supercooled to 
quartz glass the little pyramids remain, but have not time 
or energy to return to the regular arrangement in the 
crystal and hence stay turned in various random positions. 

Structure of Supercooled Liquids 

Now we have gotten back to the supercooled, apparently 
solid substances with which the last chapter ended and have 
learned something of the more important properties of the 
gaseous, liquid, and solid state and of fluids, which include 
the first two, even when the liquid has become so hard that 
we would call it a solid were it not for its lack of crystallinity. 



:hapter 


Specific Heat 



m HK HBATiNG AND MiiLTiNG of mctals is a fundamental 
metallurgical process. At the absolute zero the atoms of a 
crystalline solid stand at rest. If we impart heat energy to 
the crystal, we cause the atoms to vibrate about the mean 
positions, producing what our sense of touch, or a suitable 
tlipniioinetc'r, recognizes as an increase in temperature, and 
iilso causing the object to increase in size. One might, at 
first, regard the amount of heat required for a given eleva¬ 
tion of temperature or the increase of length accompanying 
this change as experimental constants. If so, they \YOuld 
be found to change with temperature. 


Specific Heat 

The amovmt of heat (in calories) required to raise the 
temperature of 1 g of a substance 1°C is called its specific 
heat and is represented l>y c; that to raise the temperature of 
1 g mol l°V is called the wolar specific heat and is repre¬ 
sented by C. Ordinarily wc heat or cool substances at 
constant pressure, usually atmospheric, and since the 

crystalline body does work by expanding against external 
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pressure, the heat absorbed is not only that manifested as 
a change in temperature but also the heat equivalent 
of this mechanical work, unless the pressure is zero. The 
specific heats at constant pressure, Cp or Cp, are thus greater 
than Cu or the specific heats at constant volume. In 
solids the latter would be difficult to observe experimentally. 
In the case of gases, however, C„ or c„ would represent the 
specific heat of the gas enclosed in a bottle of fixed size, 
inside which the pressure would of course rise with increas¬ 
ing temperature. 

Not satisfied with experimental values, mathematical 
physicists have tried to deduce specific heats from theo¬ 
retical considerations of the kinetic energy of atoms. It 
was long known that the atomic specific heat Cp of many 
substances tended to approach the same value, 6.2 cal/g 
atom, with rising temperature. This was the law of Dulong 
and Petit. 

Nernst and Lindemann and Einstein attempted mathe¬ 
matical deductions concerning the relation of specific heat 
and temperature of isotropic substances, that is, substances 
whose properties are the same in all directions. This 
condition is well fulfilled by substances having simple cubic 
lattices and practically so by face-centered and body- 
centered cubic and even by hexagonal close-packed crystals. 

Debye Function 

The best attempt at the required solution was made 
by Debye. The fundamental assumption is that in a 
crystalline body the atoms do not vibrate at random but 
as part of a single system, as a tuning fork or violin string 
vibrates, except that vibration in three directions is possi¬ 
ble. Assumptions are necessary as to the distribution of 
different vibrational frequencies, corresponding to the 
existence of overtones in a musical note, and limitations 
must be considered when the wave length becomes com¬ 
parable with interatomic distances. Debye^s assumptions 
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arc now known to be oversimplified, but his results have 

been surprisingly close to observed facts. 

The expressions are somewhat formidable, but the reader 

may wish to refer to this very important equation, even if 

he will u.se it only in the form of a graph. 

According to Debye, the per atom specific heat of a 

sviBrnctrioally crystalline substance is 

4 


C\ = 9 k 


1 


Xo 




.To' 


u 


- 1) 


dx 


(1) 


when 


X = 


hv 


i.n' 


and 


To = 


hvinax 


I m 


For gram atom substitute R for k. 

\Vc meet liere some new concepts, which is one reason for 

introducing the equation. Planck’s quantum of action h 
is a universal constant, independent of relativity con¬ 
siderations. It represents energy times time, and this is 
eciuivalent to saying that it has the dimensions of moment 
of momentum, a well-known concept in dynamics. Its 
numerical value is 0.0236 X lO"-' erg-sec or 1.5828 X 10 ** 
cal-scc. It appears in many radiation equations. The 
frccpiency of vibration is Py and k is a constant called 
Boltzmann’s, related to the gas constant R, It has the 
same relation to a molecule that R has to a gram molecule. 

Hence 6.00 X 10^^ k = R. 

The determination of the values of v and their maximum 
is part of the fundamental Debye assumption. What 
makes the whole concept practicably workable is that 
l/.ro can be written as T On. The Debye temperature, 
di,y could be tlerivaal from the elastic constants of the 
material. More simply it may be regarded as the absolute 
temperature at which = 5.07. The specific heat of all 
siihstances to which the Debye function applies is the same 
when the ratio T 6i,, its absolute temperature, to its Debye 
temperature, is the same. Usually the Debye function is 
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expressed as a graph (see Fig. 4-1), using T/dD as the 
abscissa and as the ordinate. For any substance whose 
Od is known, from tables or other\\dse, a given absolute 
temperature is quickly translated into the appropriate 
T/Boy and the atomic specific heat at constant volume is 



Fig. 4-1. Debye Function. 


read off. Unfortunately, the metallurgically important 
elements iron and carbon (as graphite) do not conform to 
the Debye function. For the latter, Lewis and Gibson 
found the Debye relation to hold if {T/8is used instead 
of T/Bn. 

An important characteristic of the Debye function is that 
when T/Bd becomes very small, at low temperature, 

C„ = 464.5 (^)^ 


(2) 



foundry science 

which has advantages when one wishes to make deductions 
concerning entropy, a subject to be referred to later. 

Kopp’s Rule 

The molar specific heat of a compound is usually very 
nearly the .sum of the atomic specific heats. This is knowri 
as Kopp’s rule. If some of the elements (chlorine and 
bromine, for example) are not normally symmetric crystals 
at the temperature under consideration, in the correspond¬ 
ing salts (say of the alkali metals) the atomic heat of the 
element is the same in all compounds, and its value is 
obtainable by deducting from any known molecular heat 
the atomic heat of the metal. 

Specific Heats at Constant Volume and 
at Constant Pressure 

In all cases we have been calculatiiifi: specific heats at 
constant volume when we are much more concerned with 
those at constant pressure. The physicist finds the former 
constant easier to compute but difficult to deteimine. It 
can be shown that 


^/dr\ /dP\ 

Cp - Cp - T 


(3) 


Here and arc the atomic (or molar) specific heats at 
constant pressure and volume, respectively, T is the 

absolute temperature, change of the ^ 

atomic molar volume with temperature, the pressure 

slant, and is the rate of change of 

pressure with temperature that will keep the substance at 

0 \ * 

constant volume. Thus is an experimental constant 
since-p ( ^7’) cocfficiei\t of cvibic thermal expansion of 


remaining: con 
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the substance. 


Similarly, 



can be derived from the 


ratio of measured compressibility of the substance and its 
thermal coefficient of cubic expansion. In calories Equa¬ 
tion (3) is equivalent to 


Cp - = 0.02423 


aWT 




where a. is the coefficient of thermal expansion, —/3 the 
coefficient of compressibilit 3 q T the absolute temperature, 
and V the atomic or molar volume. 

Both oc and (3 are functions of temperature and pressure. 
For crj^stalline solids the coefficient of thermal expansion 
of a given substance is directly proportional to its specific 
heat as shown by Grlineisen. He finds that 



where a, /3, and €„ have the previous meaning, Vo is the 
atomic (or molar) volume of the solid at zero temperature 
(absolute) and pressure, and y may be regarded as an 
experimental constant of the substance. Gamma has a 
theoretical relation to the compressibiUtj^ of the substance: 


1 1 d In /3 

6 " 2 d In V' 



where In signifies the natural logarithm. This relation is 
useful for substances of known compressibility, —(3. 

For emphasis let us review the first sentence of this 
chapter, which means that the heat content, sometimes 
given the impressive name enthalpjq of a crystalline solid 
is zero at the absolute zero. It is also apparently always 
true that the specific heat is zero. These facts are parts of 
the Nernst heat theorem, sometimes called the third law of 
thermodynamics. 



fj 

CHAPTER fl 


Changes of State 


and Latent Heat 


When heat is added to a crystalline solid its temperature 
rises in accordance with the rate of heat input and the 
specific lieat, which is a function of temperature. The 
heat absorbed in raising the temperature from Ti to Tj can 
be computed accurately only by evaluating: 

II = IJ; C,dr. 

Latent Heat of Fusion 

At a certain temperature tlie crystal ceases to heat but 
absorbs heat isothermally (that is, at constant temperature) 
and changes from tl»e solid to the liquid state. The change 
iti pure substances is usually assumed to take place at an 
exactly constant temperature. Its reverse, the freezing of 
a liquid, can, however, be suppressed to abnormally low 
temperatures, and the melting point can in principle be 
raised a trifle, a matter which we shall consider more in 
detail in a study of supercooling. 

The heat absorbed in melting, corresponding to the 

energy reciuired to break the bonds holding atoms in their 

crystalline positions, is called latent heal of fusion; or, with 
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reference to a gram atom or a gram molecule of a substance, 
this heat is called the atomic or molar latent heat, represented 
by the Greek letter lambda (X) or by Lj. 

Trouton’s Rule 

This is a most important constant in the study of equi¬ 
libria in alloy systems and may be regarded as an experi¬ 
mental constant specific to particular substances. A 
principle especially applicable among the metallic elements 
is that the quotient obtained by dividing the latent heat of 
fusion by the melting point is very nearly the same for 
many metals. 

Now the heat absorbed in an isothermal reversible 
process divided by the (constant) temperature at which 
the process takes place is called the entropy of the process or 
the change of entropy corresponding to the change of state. 
In connection with gram atoms the entropy Sf of fusion is, 
then, 

Sf = ( 1 ) 

which is usually very near 2.2 cal/g mol. T/ is, of course, 
the absolute temperature of fusion. The rule is called 
Trouton's and is extremely useful in approximating the 
latent heats of fusion of metallic elements whose melting 
point is often easier to determine than the latent heat. 

Attempts have been made to calculate the specific heat 
of liquids somewhat after the manner of the Debye function. 
The studies do not seem to have led to any very practical 
results. The specific heats of liquids are thus, for the 
engineer, still experimental constants, and unfortunately 
they are in many cases not known as well as one could wish. 

Vapor Pressure 

If we heat a liquid more and more, that is, increase the 
mean kinetic energy of its molecules, some molecules that 
have absorbed more than their share of energy move with 
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sucli velocity as to leave the liquid and mix with the gas 
phase. After a time some drop back while others bound 
out and for every temperature there is some specific con- 
ccniration of molecules in the gas when the two processes 
balance, the inbound molecules just equaling the outbound 
in a given time. A definite number of molecules m a gas, 
at a given temperature and pressure, means a given 
partial pressure due to these molecules and is called the 
>apor pressure of the liquid substance at the particular 

temperature. 

Wlien the vapor pressure becomes equal to the pressure 
on the system, usually 1 atmosphere, the substance boils. 
Solids also have a vapor pressure, but this is generally low. 

Clausius-Clapeyron’s Equation 

The vapor pressure of a liquid changes with the temper¬ 
ature. The relation was the first one worked out theo¬ 
retically in physical chemistry and is named for the two 
discoverers the C'lausius-Clapeyron equation. It says that 




I 


" " R \T, t) 


( 2 ) 


Here In p is the natural logarithm of the vapor pressure in 
atmospheres, the latent heat of vaporization of a mole¬ 
cule of tlie substance, R the gas constant, 7\ the boiling 
point of the substance at a pressure of 1 atmosphere, and 
T the temperature. As always we mean absolute or 
Kelvin temperature. Ostwald sliowed that vapor pressuie 
does not change in any important degree with changes of 
total pressure. 

'rher(! is also a Troiiton’s rule, similar to that for the 
relation of melting point to latent heat of fusion, which says 
that tlu‘entropy of vaporization of all substances is similar. 
Th(' valu(‘ is about 22 cal mol at the normal boiling point. 
More uniform values are obtained if vaporization takes 
place under s\ich coiulitions that there is 0.025 mol/liter of 



CHANGES OF STATE AND LATENT HEAT 


35 


gas. The entrop}^ in such cases is pretty uniformly 27 
cal/mol. Note that no matter how high the temperature 
gets, In p still has a finite value that cannot exceed 


In p = 


L. 

RT> 


Taking 22 as the entropy of vaporization, we find that the 
maximum value is 

22 

In p = -^ = 11 (approx,). 


The approximate constancy of the vapor pressure of low- 
boiling metals at high temperature has been verified by 
Leitgebel, who found a reasonable agreement with the 
calculations. 


Specific Heat of Gases 

The liquid having been vaporized, we are concerned with 
the molar, that is, the atomic specific heat of monatomic 
gases, which include the noble gases and presumably most 
metallic vapors. (The vapors of the alkali metals are 
diatomic.) It is -f- i? or 2.98 cal/*^K at constant volume and 
^ R or 4.95 cal/'^K at constant pressure for all substances. 

The kinetic theory implies that C*, for diatomic gases 
should be i? and for triatomic f Ry and that Cp — C^, = R 
in all cases. Monatomic molecules are limited to simple 
translational motions, while molecules of several atoms can 
have vibrations of their atoms in the direction of the line 
joining them and also can have kinetic energy of rotation 
about their center of gravity. Rotational energy is lacking 
in atoms because the small size of the nucleus makes its 
moment of inertia negligible. The net effect for diatomic 
molecules of gas is that specific heats at very low tempera¬ 
tures are but slightly increased above the calculated value 
of f 7? for CV, but as the temperature rises rotational motion 
adds an ever-increasing amount, which may reach a 
maximum of 272, to the specific heat. 
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For most substances not containing hydrogen, the latter 
ad<Utiori is approximately correct at ordinary temperatures 
and above. It must also be remembered that many 
polyatomic gases dissociate into monatomic gases at high 
temperatures, with a corresponding absorption of heat. 
Thus iodine is triatomic near its room pressure sublimation 
temperature and monatomic at very high temperatures. 


Hess’s Rule 

This groundwork should suffice us in determining the 
total heat capacity of any substance at any temperature. 



Fig. 5-1. Change of I.atcnt IToat of Fusion with Tcmpcrnture. 


It may be well to emphasize that the heat required to bring 
any system from one state to another, involving changes of 
pressure, temperature, or physical state or chemical 
reactions, depends only upon the initial and final states 
and not at all upon the path by which the system goes from 
one state to another (Hess’s rule). As a consequence such 
a property as tlie latent heat of fusion is a function of 
temperature (at constant pressure) if Cp is not the same for 
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the solid and liquid. Assuming (Fig. 5-1) Ci and to be 
the values of Cp for the liquid and solid, neglecting changes 
in their values with temperature, and assuming Li and L 2 
to be the latent heats of fusion at temperatures Ti and T 23 
one may convert the solid at Ti to the liquid at T 2 by first 
heating the solid from Ti to T 2 and then melting it, when 
the heat absorbed per mol would be 

^9(7^2 Ti ) + Z/ 2 . 

Or, one might melt the solid at Ti and heat the liquid to ^ 2 , 
when the heat absorbed per mol would be 

Li + Ci(T 2 - Ti) 

and the two must be equal. Hence, 

L 2 = Li + (Cl — Cs)(T2 — Ti). 


(3) 



CHAPTER 


Free Energy and Equilibrium in 
Single-Component Systems 


T 


I HK (luouNDWOUK luis HOW bccii laid for a study of 
(‘(luilil)riiuns, for \vc have just seen that there are conditions 
under whicli a suhstance can coexist in the solid and liquid 
states, or as a li<iuid and a pas. Imagine two containers 
containing a given suhstance and connectetl by a closed 
valve; in on<‘ tlie substance is in the liquid state and in the 
otiu'i’ it is in the solid; bofli are at the same temperature, 
d'lie vapoj’ pr(*ssure of the solid ami licpiid will be quickly 
rt'aclied in tiu' two containers. If we then open the com¬ 
municating valv(» to e(pializ(‘ the pressure, some vapor will 
pass from th(‘ contaiiun* of the liigher vapor pressure to that 
of th(' lowci-. d'he pressure in the container containing the 
sul)stanc(‘ \u t h(' state of lower vapor pressure will become 
adjusted to t h(‘ ])roi>er value by tlie deposit of some of the 
inat(Mial fiom the gas in tlie form in which the substance 
(xists in that container, and some substance will vaporize 
ill t h(‘ ot lu'r container. 

A repetition of this process would finally transfer all of 
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the substance to the container in which it exists in the state 
of lower vapor pressure. At one temperature the vapor 
pressure of the two phases or states, solid and liquid, would 
be the same, and neither would be converted into the other 
by the procedure imagined above because no vapor would 
flow when the valve was opened. The two phases would be 
in equilibrium and the substance would be at its melting 
(or freezing) point. The state of lowest vapor pressure, 
if there is a difference, is the equilibrium state, and any 
other state, of higher vapor pressure, will spontaneously go 
over to it if it has the opportunity. 

Sometimes the change of state cannot go on except ver 3 '' 
slowly, so that the unstable state niay exist for an enormous 
time without detectable change. Such apparent but 
spurious equilibriums are called metastable. 

Free Energy and Entropy 

It is quite convenient to study simple equilibriums from 
a consideration of vapor pressures. For practical purposes 
other criteria derived from the same considerations by 
mathematical reasoning are more useful. Josiah Willard 
Gibbs originated a concept that he originally called the 
thermodynamic potential and that has later been renamed 
free energy. Frqm the manner of derivation of this con¬ 
stant, the two great fundamental natural laws—(1) that 
energy cannot be created or destro^^ed, and (2) that energy 
tends to take forms making it less and less useful for doing 
mechanical work (that is, becomes degraded)—require that 
any process proceed spontaneously' in the direction of 
reducing the free energy of the system (in other words, of 
the materials in which chemical and physical changes are 
being studied). 

At constant pressure, substances have a property called 
free energy, designated by F and usually expressed in 
calories per mole, that is, gram molecule. This property 
measures the mechanical work recoverable if the material 
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is cooled to 
equation 


the absolute zero. It is calculable from the 

p = H - TS. (1) 


f T 

Tlie heat content //, which is mathematically CpdT, is 

best found by measuring the area between the absolute 
zero and the working temperature T (°K) under the Debye 
curve, or if necessary, some other curve in which specific 
heat at constant pressure is plotted against temperature. 


Then entrop> 



T 



and is the area under a curve 


correlating Cp with In T (the natural logarithm). Since 

Q = — oo, one cannot measure the entire area but can 
measure that down to, say, 3°K and add an amount cal¬ 
culable on the assumption that is proportional to as 
discussed under the specific heat of crystalline substances 
in Chapter 4, Equation (2). All this assumes that the 

substance is in the state stable at 0°lv. 

A somewhat clearer picture of the significance of entiopy 
than can be had from its mathematical definition may be 
obtained from the following discussion. The amount of 
mechanical work recoverable from a given amount of heat 
energy depends not only on the amount of that energy but 
on the temperature level at which it is available. This is 
analogous to the fact that the amount of work a given 
amount of water can do depends on the level at which it 
exists. Only a process terminating at the absolute zero 
could convert all the heat content of a body into mechanical 
work. Entropy is a convenient way of recognizing how 
mu<4i of heat energy is unavailable. This may seem an 
awkward way to reach a solutioi\, but it has been found 
the most coin enient procedure when calculations involving 
this availal)ilitv or lack thereof are to be made. 

W hen the substance melts (oi- boils) without change of 
(emperature the entropy of that change is the latent heat, 
ecpial to 11, divided by the temperature. Expression (1) 
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then reduces to zero for AF, the change in free energy. Two 
states of the same substance are thus in equilibrium if 
their free energies are equal. Otherwise that state dis¬ 
appears which has the higher free energy. 

The value of F is related to vapor pressure by the 
formula 

AF = RT\n^- (2) 

Pi '' '' 

If at constant temperature two states of a substance have 
vapor pressures pi and the change of free energy in 
passing from state one to state two is that indicated in the 
foregoing formula, where R is the familiar gas constant and 
T the absolute temperature. 

For two states of equal vapor pressure, In ~ = In 1 =0 

P2 

and AF = 0, representing equilibrium. If and ps are 
different (p 2 being the smaller) ~ is negative and so is 

AF; that is, the free energy of the substance is decreased by 
passing from the state of higher vapor pressure to that of 
lower vapor pressure, temperature being constant. This is 
the mathematical parallel to the mechanical analogue 
described at the beginning of the chapter. 

Returning to Equation (1), we know that we can recognize 
only changes in entropy, and so far we know nothing of its 
absolute value. It is quite reasonable, and can indeed be 
formally supported, that H, the heat content, is zero at the 
absolute zero. The TS term of'Equation (1) is zero at the 
absolute zero if entropy is finite. The so-called Nernst 
heat theorem, which is becoming practically a third law of 
thermodynamics, leads to the conclusion that crystalline 
solids, in the form in equilibrium at absolute zero, have zero 
entropy at the absolute zero. If they are pure substances 
no degree of atomic disorder is possible. The entropy of 
crystalline solid solutions is very near zero at the absolute 
zero. Supercooled liquids have positive entropies at zero 
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which may, however, be quite small. The theorem is not 
applicable to gases. 

This reasoning leads to the conclusion that the free 
energy of crystalline substances in their low-temperature 
equilibrium state is zero at the absolute zero, and hence 
Equation (1) can be applied directly for any temperature, 
it being proper to consider the entropy, at least of the 
crystals, as being too small for consideration. We are not 
especially concerned with entropies of gases, although these 
can be predicted from the so-called Sackur equations. The 
fact that these equations give negative entropies at the 
absolute zero is of no importance, since the gaseous elements 
are not perfect gases obeying the relation 

pV = RT 

when low temperatures are reachetl. 


Free Energy versus Temperature and Pressure 

The free energy of a substance changes with temperature 
and pressure according to the equations 



(3) 

(4) 


These dilTerential e(iuations say: Eciuation ^3), that the 
rate of change of free energy with pressure, temperature 
remaining unaltered, is eciual to the molar volume of the 
substance and, Eciuation (4), that the rate of change of free 
(Miergy with temperature, pressure remaining constant, is 
numerically eciual to the entropy but of opposite sign. 

'Fhe (Mitropy is of course a function of specific heat and 
temperatuie; hence the late of change is constant over a 
minute pressurt' range (inly. For the present we are con- 
(‘(uikmI mainl>- with the fact- that since entropy is always 
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positive, free energy ahvaj^s decreases with increasing 
temperature. Similarly, since V is a function of pressure, 
the rate of change of free energy with respect to pressure is 
constant only over a minute range but is always positive, 
as is the molar volume. The molar volume of condensed 
systems (solids or liquids) is small, so that the free energ 3 ^ 


SUBSTANCE MELTS AND SUBSTANCE SUBLIMES 

BOILS 



1 1 Heavy iine indicates stable state 

(lowest free energy) 


TEMPERATURE 

Fig. 6-1. Free Energy of a Substance in Three States. 

of such substances increases very slightly with pressure, 
but that of gases increases greatly. For a perfect gas 
Equation (3) would become 

(sT^X - 

that is, free energy (at constant temperature) is a linear 
function of the natural logarithm of pressure. 

If we had only to consider freezing points or boiling 
points of pure substances at constant pressure, all this 
deduction of free energy and saying that two states of the 
same substance are in equilibrium when their free energies 
are equal would be quite superfluous and represent “much 
ado about nothing.” It will presently turn out, however, 
to have much to do with the freezing of solutions. Molten 
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metals are almost always complicated solutions, and the 
temperature of freezing usually covers a range. The com¬ 
position of tlie solid forming as the solution cools can best 
be described in terms of this free energy. 


FreeEnergycff 
6a$,Liquid Q 
Solid, 


ubstance melts 


* 


Substance 
boils 





Uqufd 


Fig. 0-2. Tcmperature-Prossurc-Free Energy Relation of the Three 
States of a Substance. 


Also, free energy furnishes an explanation of the phenom¬ 
enon of supercooling when substances remain liquid far 
below their normal melting points. 

The free energy relations of a substance at constant 
pressure in its three physical states are shown in Fig. 6-1. 
The stable state is always that of lowest free energy. Fig. 
6-2 is an isometric projection of the same properties as a 
function of botli temperature and pressure. 
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1 . REE ENERGY has Still other important relations to what 
happens in freezing. Only pure substances, elements or 
chemical compounds and certain peculiar solutions said to 
be of eutectic composition, freeze without change of com¬ 
position. In them the freezing process takes place at a 
definite temperature, and the solid and liquid states or 
phases are of the same composition. The solid eutectic 
is itself two-phased (in alloys of two components) but is of 
the same average composition as the liquid. 

In all other cases there is a temperature range in which 
the metal is partly liquid and partly solid, that is, two- 
phased, and the two phases differ in composition. What 
these compositions are and what the freezing range is 
depends on certain free energy considerations discussed in 
the following paragraphs. 

Pairtial Molal Free Energy 

Fig. 7-1 represents some facts concerning the free energy 
of metallic solutions. The abscissas of the figure represent 
concentrations and the ordinates free energy (per molecule). 
At the left side of the figure the alloy is pure A, whatever 
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Energy of 
Solution. 
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that may be, and at the right, pure B. Any vertical line 
between the two sides represents an alloy of a given com¬ 
position. Tliat halfway lietween the two sides represents 
equal numbers of molecules of A and B, -J- of the way from 

the left, .V the molecules of A and f of B, and so on. We 

deal here not with the pro¬ 
portions by weight but with 
the molecular proportions. 
Assuming, not necessarily 
correctly, that the liquid 
metals are monatomic, that 
A is tin and B lead, whose 
atomic weights are in round 
numbers 119 and 207, respec¬ 
tively, then an alloy contain¬ 
ing 119 parts by weight of 
tin and 207 of lead has 50 

atomic (or molecular) per cent of each. An alloy containing 
ecpial parts by weiyhl of each contains 1 119 atoms of tin for 
1/207 atoms of leail; that is, 0.0084 atom of tin and 0.0048 
of lead in a total of 0.0182. This is an atomic fraction 
of 48, 132 =0.805 of lead and 84 182 = 0.635 of tin 

(approximately). 

At the left of the figure the free energy of pure liquid A is 
marked off, and at tlie right that of B. 1 hose are maiked 
/•’a and /At. Now a mixture of the two liquids (if there were 
no solution and the mixture were merely like that of oil and 
vinegar in FrcMich dressing) would have for any composition 
tlu‘ free eiuagy re])resentetl by the dotted straight line 
joining l'\\ and If the metals dissolve in one another, 

like oil in gasoline, the principle that nature strives for the 
state of lowest free energy tells us that the free energy of 
th(' solution must be below the straight line for all com¬ 
positions. During the process of mixing, heat is evolved 
and the fi(‘e en(‘rg>' decreases. Let us assume it to be 
represiMited by the curve shown as a solid curve joining 
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Fa and F b. The reader need not worry at this point as to 
how this curve becomes known; let him assume that it is 
known. 

Consider now any point a on the curve and draw a 
tangent line shown, intersecting the ordinates A = 1 
and B = 1 at Fa and Fb- These two points mark what are 
called the partial molal free energies of A and B in a solution 
of composition a at the tem¬ 
perature for which the dia¬ 
gram applies. At this tem¬ 
perature and concentration 
only, the liquid behaves as 
though it were a mixture, not 
a solution, of A and B, hav¬ 
ing not their proper free en¬ 
ergies, but fictitious ones 
corresponding to their par¬ 
tial values. 

By using these partial molal free energies we can describe 
readily the equilibrium conditions and hence the behavior 
on freezing for various metallic liquids. 

Fig. 7-2 is an elaboration of Fig. 7-1 for an alloy of two 
metals that are insoluble in the solid state. Actually this 
condition may never be completely realized, but it is closely 
approached in the system antimony-lead. A temperature 
has been chosen such that the free energy of each metal in 
the solid state is lower than in the liquid state. Tangents 
to. the liquid's free energy curve are drawn through the 
free energies of the two pure solids. 

From the description of Fig. 7-1 it should be clear that 
at a the partial molal free energy of A is equal to the free 
energy of the pure solid A and similarly at h for B. Since 
then the free energy of A is the same, at this temperature, 
in the liquid of composition a and in the solid, no change in 
free energy of the system .will occur if a very small propor¬ 
tion of the amount of A present is transferred from liquid to 


The marked free energy 



Fig. 7-2. Composition of a 
Liquid Solution in Equilibrium 
with Pure Solid Components. 
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solid and the composition a is in equilibrium with pure 

(solid) A and h with pure (solid) B. 

At the temperature chosen, alloys of compositions to the 

left of a are mixtures of the solid A and the liquid of con¬ 
centration a. The free energy of such a mixture, repre¬ 
sented by the straight tangent, falls throughout below the 

curve for the liquid. Be- 


Marked free er)ergy 
refers to pure sot id 


Fa 



Fd 


A=l 

B-0 


A»0 
B= I 


Fig. 7-3. Equilibrium at the 
Eutectic Temperature. 


tween concentrations a and 
b the alloy is a liquid, and to 
the right of b it is a mixture 
of concentration b and pure 
solid B. If such a diagram 
is drawn for each of many 
temperatures and the con¬ 
centrations a and 6 are 
plotted against tempera¬ 
ture, a constitutional dia¬ 
gram results, showing the temperature at which freezing 
begins in relation to composition. 

Under these conditions there will always be found one 
temperature, the lowest at which any liquid can exist, 
called the eutectic temperature, for which a diagram like 
Fig, 7-3 will be obtained, in which the curve becomes 
tangent to the straight line corresponding to a solid mixture 
of A and B. The concentration corresponding to the point 
of tangency is called the eutectic composition. 

Van’t Hoff’s Isochore 

An analytical solution can be developed, based on the 
same fundamental laws as the free energy concept. This 
states that if in tlie solid state A is insoluble in B, then 


111 X„ - II (1) 

Here Xn is the mol fraction of B, the molecular heat of 
fusion of B, R the gas constant, T/n the melting point of B 
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in °K, and T the existing temperature. This relation is 
called van’t Hoff’s isochore. 

If B is also insoluble in solid A and the solid state consists 
of a mixture of A and B, then there is another such equation 
for Xx. 

Also, at the eutectic freezing point the sum of the mol 
fractions of A and B must be unity. One may then write* 

(■^) (?% “ r) + (■:^) (f7^ ~ I) =" (2) 

A solution of this equation (best graphically) for T will 
give the eutectic temperature. 

For our purpose it may be well to remember Trouton’s 
rule that the ratio of atomic latent heat of fusion (calories) 
to melting point (°K) is nearly constant at 2.2 and that R 
is practically 2. For Te the eutectic melting point Equa¬ 
tion (2) may then be written 

exp ^1.1 - ^ y^^* ) + exp (l.l - -= 1. 

or may be divided by = 3.004: 

exp (- + exp (- = 0.333. (3) 

The equation is shorter than Equation (1) and requires no 
knowledge of latent heats but may be in error to some 
extent. 

It may be that the two components A and B are com¬ 
pletely soluble in the solid state, nickel and copper for 
example. There are then two curves, such as in Fig. 7-1, 
one for a solid solution and the other for a liquid. If the 
temperature is in that range in which the system is com¬ 
pletely liquid, the curve for the liquid state is entirely below 
that for the solid and the latter is of no interest here; or if 

* The expression “exp (n)” is equivalent to e being the base 

2.718 ... of the natural system of logarithms; that is, exp (n) 
antiln 1 %, 
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the alloy is completely solid, the free energy curve of the 
liquid is entirely above that for the solid and again we need 

for example in Fig. 7-4, we 


not discuss the condition. 

If the curves intersect, as 
can see what the composition 



Fig. 7-4. Equilibriuin Com¬ 
positions of a Solid and a Liquid 
Solution. 


of the solid and liquid phases 
will be at the temperature for 
which the diagram is drawn. 
If a single line be drawn tan¬ 
gent to both curves in Fig. 
7-4, evidently the partial 
molal free energies corre¬ 
sponding to its ends are the 
same in the solid and liquid 
state for A and also for B. 

Without repeating the de¬ 
tails of the reasoning, evi¬ 
dently we may conclude that 
the two solutions are in equi¬ 


librium. Repeating the diagram for many temperatures 
would enable us to plot the constitutional diagram showing 
the temperatures at which freezing begins and ends, for all 
compositions. 


Van Laar’s or Schroeder’s Equation 


Again, there is an equation (an elaboration of the van*t 
HolT i.sochore) called either vanLaar*sor SchroedeFs, which 
savs that 



H(mo Xa, is the concentration of A in the liquid and Xxt in 
the solid. The other symbols have the usual meaning. 

One may write also a similar equation for B and remem- 
Ik'i- (hat at all temperatures Xa, + Xb, = Xa, + Xb, = !• 
This gives four ecpiations for the four unknown concen- 
(ralic)ns that peimit a solution. 

As in the case of Equation (2), Equation (4) can be 
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simplified by substituting 2.2 for L//Tf for any substance. 
It then becomes 


In^ = 1.1 - 


X 


Ai 


(5) 


or 




similarly 


= 3.004e-*-i^/A^^; 


X 


X 


= 3.004e“i-‘W^ = 


1 - X^. 
1 - X.; 


Xa. = 3.004Xa,€“1-i^/a'^, 

1 - 3.004XA.e“i-i^/A^^ * 

- ^ ^ * - = 3.004e-‘-‘^/B^^, 

1 - 3.004XA,e-i-'^/A^^ = 3.004e-i-iwr - 3.004XA,e-i-iW^, 
3.004XA,e-i-iwr - 3.004XA,e-' >wr = 1 - 3.004e-i-^^V^, 
XA,(e“'-'W^ - = 0.333 - 


^ 0.333 - 

•Xa, - g-i.ir/^/r _ g-i.ir/B'r 


( 6 ) 


Free Energy of meta- 
stable solution . 



Free Energy of 

components 


and likewise for the three other concentrations. All the 
constants on the right half of Equation (6) are known- 
One may profitably take a 
quick look at some other 
forms of free energy curves. 

The curve in Fig. 7—5, falling 
entirely above the straight 
line joining its ends, has no 
realizable existence, at least 
under equilibrium conditions; 
neither substance is soluble 
in the other. Fig. 7-6 repre¬ 
sents a case of limited solu¬ 
bility in the liquid state, cop¬ 
per and iron for example. Such curves permit drawing a 
common tangent at two points as shown. The middle por- 


A»I 

B^O 


A=0 

1 


Fia. 7—5. Free Energy of a 
Metastable Solution. 
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tion of the curve, shown dotted, is not realizable. Between 
a and b the liquid consists of two layers or perhaps an emul¬ 
sion, but at tlie ends solubility exists. 

In Fig. 7-7, if the condition is as represented at the A 
end of the curve, the alloys to the left of a in concentration 

consist of pure solid A and liq¬ 
uid solution of concentration 
a. 

When solid solubility does 
not exist, the slope of the free 
energy curve for the solid state 
at A = 1 is flatter than the 
tangent to the curve for the 



A«l 

B=0 


A=0 liquid through the point rep- 
' resenting the free energy of 


Fig. 7-6. Free Energy of a pure solid A. 

Liquid with a Miscibility Gap. especially unusual 


for the two free energy curves to become tangent to one 
another at the last moment before the freezing point is 


reached (see Fig. 7-8), in which case their common tangent 


is at the same point and freez¬ 
ing is completed by a process in 
wliich liiiuid and solid have the 
same composition. This hap¬ 
pens, for example, in the iron- 
chromium alloys at about 25 
(weight) cliromium. 

The situation with regard to 
the possibility of existence of 
three solutions at one tem¬ 
perature, but of course at dif¬ 



ferent concentrations, could Fia, 7-7. Equilibrium of a 

be considiM'cd and a three-di- liquid bolution with a Pure 

. , , , , , , I Component of a Solid Solution, 

mensional modi'l (‘ould be made 


for a ternary system, jiaralleling the diagrams for a binary. 
For more than three components a model is no longer possi- 
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Fig. 7-8. Free Energy Relation of Solid and Liquid Solutions Having 
a Freezing Point Minimum. Left: Temperature in Partially Frozen 
Range; Right: Temperature at Minimum Freezing Point. 



Surfaces in three 
dimensional space. 

Their vertical ordinates 
are the Free Energies 
of two ternary f^hases 
whose composition is 
marked by the ordinates 
position onthefrion- 
gutar base. 

Simuitan eous points 
oftangency of a plane 


Tie iinesinaEphased 
field. They join points 
ofconjugate compo¬ 
sition which are m 
equilibrium. 


Fig. 7-9. Equilibrium between Solid and Liquid Ternary Solutions. 
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hie in tluee-dimensional space, and the facts could be 
expressed only in the form of equations, much more compli- 

cated than those of this chapter. 

Fig. 7-9, wliicli is no doubt self-explanatory, shows how 

similar constructions can be made in three-dimensional 
Space for ternary systems. 

Valence Electrons and Solid Solubility 

Van Laar’s Equation (4) does not assign any particular 
form to the .solidus and liquidus curves in alloys showing 
limited solubility curves. Hume-Rothery, however, has 
pointed out that the depression of the beginning of freezing 
(liquidus) or its completion (solidus) in a given solvent by 
solutes having varying numbers of valence electrons is pro¬ 
portional to those numbers. Thus a given mol fraction of 
a solute with one valence electron depresses these lines 
half as much as the same mol fraction of a solute containing 
two valence electrons. 

The form of the two curves is similar to that of vanT 
Hoff’s isochore Equation (1). The systems react as though 
solubility of valence electrons in the solid solution were the 
governing feature. 



CHAPTER 



Supe rcooling 


T 

M. HE GRAY-IRON FOUNDRYMAN recognizes that if he cools 

his molten metal quickly, as by pouring it into an unusually 
thin section, or against a chill, he may get white cast iron 
instead of gray cast iron. This happens (by a mechanism 
that will be discussed in another connection) because the 
metal was supercooled in freezing. That is to say, it did 
not freeze at the expected temperature but remained liquid 
until a lower temperature was reached. 

How great this lowering of the freezing point can be is 
shown in Fig. 8-1, after Schneidewind and d’Amico. The 
figure shows the measured freezing point at various dis¬ 
tances along a wedge that tapered from about 3 or 4 in. in 
thickness to a rather thin edge. The thin sections, which 
cooled faster, had the lower freezing point. 

How can such things be? Were we not told that freezing 
points are physical constants characteristic of given sub¬ 
stances? Here a little theory helps. We turn to the 
concept of free energy that seemed so needlessly cumber¬ 
some earlier in this study. In Fig. 8-2 we draw two lines 
showing the free energies of liquid and solid metal 
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Fio. 8-1. Supercooling in Relation to Cooling Rate of Liquid Cast 
Iron. (After Schneidewind and d’Amico.) 
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Fig. S-2. Surface Free Energy and Supercooling. 
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related to temperature. For simplicity in explaining 
supercooling we will consider this to be a pure substance. 
It should have a single sharp freezing point as is shown by 
the intersection. 

Surface Free Energy 

This diagram leaves out another item contributing to 
free energy, which is called surface free energy. If a solid 
particle is floating in a liquid, the surface of contact tries 
to pull toward the center of the particle because atoms near 
the surface are attracted more strongly toward the solid, 
whose atoms are more densely arranged, than toward the 
liquid, where the atoms are further apart. 

The effect is that work can be done by decreasing the 
surface of contact, which may be caused either by the 
particles becoming rounder or by their coalescing to form 
fewer and larger aggregates. This surface energy, being 
expressed customarily in calories per gram atom or mole¬ 
cule, is proportional to the surface area divided by the 
mass, or (of course, with a different numerical relation) to 
this area divided by the volume of the particle, which, 
assuming an equiaxed particle (one of nearly the same 
dimensions in all directions) is inversely proportional to the 
particle^s diameter (or to the cube root of its volume). 
This surface energy acts as an increment to the solid's free 
energy, and, if the solid line of Fig. 8-2 represents the free 
energy of the solid in large pieces, a series of dotted lines 
can be drawn parallel to and above this line, representing 
the addition due to surface free energy for various sizes of 
particles (according to some arbitrary dimensional scale). 
The intersections of these lines with the free energy lines 
for the liquid then represent the melting points of very 
small particles of the several sizes. So far we have shown 
that the freezing point can be lowered, by small amounts, 
by making the solid particles smaller. 

The freezing process begins by the accidental arrange- 



58 foundry science 

meat of a number of atoms in the liquid in space in the 
pattern they would occupy in the solid. If the group is 
large enough so that its melting point is above the existing 
temperature, the arrangement remains permanently and 
attracts other atoms to it so that a crystal grows. If the 
group is, however, smaller than the size whose freezing 
point just exists, then, still by accident, its members 

clispci'sc» 

Of course the likelihood of forming small groups is 
better, by random chance, than that of forming larger ones. 
Therefore, as the temperature falls, more and more groups 
will remain permanently and continue to grow and finish 
tlie freezing process. 

Consider now another matter: crystals can only grow so 
fast; the rate is called linear crysfaUization velocity^ This 
probably does not vary much with temperature. As the 
crystal grows it gives off the heat that was required to melt 
it. A given number of crystals, of a given size, can there¬ 
fore give off only tlie amount of heat corresponding to the 
rate of growth and the latent heat of fusion. If ci^stals 
are e(iuiaxed, their areas are proportional to the squaie of 
their diameters, or to tl\e power (\^v-) of their volumes. 

If now we have a certain number of crystals growing in 
a licpiid metal that is being cooled from the outside, it may 
be tliat heat is removed in cooling faster than it is liberated 
by crystallization, and the temperature of the whole system 
falls. Smaller chance aggregates of atoms can then survive 
and grow, furnishing more area on which to deposit solid 
metal. Heat is evolved faster for this reason and also 
because the original crystals are growing larger. As the 
proc(\ss continues, finally crystallization furnishes heat as 
rni)idly as it is lost, and the temperature quits falling. If 
it has (Irot^ped below the orthodox melting point, it may 
cveti rise again to that temperature; but it will not rise 
liighei', for if it did, even largo solid masses could no longer 
remain solid, and the crystals would remelt. 
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Cooling slowly permits a ver^'^ few crystals to give up 
heat fast enough to prevent supercooling and results also 
in large crystals; and the opposite results from quick cool¬ 
ing. Supercooling ma^^ also cause the formation of a 
metastable state, a matter of enormous technical impor¬ 
tance whose further discussion does not fit in at this point. 
For the present, let the reader remember that supercooling 
has much to do with metastability. 

Arrhenius’ equation suggests that if k be the linear 
crystallization velocity at temperature T (abs) then 

In A; = /. ( 1 ) 

Here I is an experimental constant and E is the energy 
required to present a molecule of the substance to the sur¬ 
face of a crystal in a position favorable for its attachment. 
For monatomic metals, E should be small, and k changes 
but little with temperature. 
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CHAPTER U 


Electric Furnaces and Heat Losses 
in Steady State 


To MELT SOMETHING hcat iiiust 1)6 applied. T-he source of 
any earthly energy now in use is that which in the present 
or the past readied tlie planet from the sun. Probably the 
ultimate source of this power is atomic disintegration in the 
sun, by which matter is converted directly into energy in 
accordance with tlie Einstein equation mentioned in an 
earlier chapter. On a small scale, solar radiation may be 
applied directly, as did Priestley when he made oxygen by 
heating the red oxide of mercury with a burning glass, 
that is, by concentrating radiation on his material with a 
convex lens. 

Solar Origin of Energy 

Our fuels are the products of chemical changes in what 

was once living matter. In plants, carbon dioxide is 

converted into combustible carbon compounds by means 

of the light and heat of the sun. This cannot be done in 

animals, but they get the energy by eating plants. When, 
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geologic ages later, we burn the coal or oil resulting from the 
metamorphosis of these living creatures, or years later burn 
the wood or charcoal of a tree, we merely recover some of 
the radiant energy that fell upon the plant years, centuries, 
or thousands of millenniums earlier. 

If we generate power by harnessing a waterfall, we merely 
recover some energy absorbed by water evaporating from 
the ocean. The resulting vapor rose and was transported 
as a cloud to hills or mountains where, falling as rain or snow, 
it became available at a level somewhat or greatly above 
that of the ocean surface. Our hydroelectric plants are 
merely devices for recovering a part of the resulting poten¬ 
tial energy. 

The use of electric energy in melting, or other heating, 
of metal is not only becoming practically the most con¬ 
venient source of heat but also presents the simplest 
approach to a study of furnace conditions. 

Electrical Energy 

If a current flows through a conductor, which of necessity 
must have electrical resistance, then Ohm’s law, known to 
every high-school boy, says that 


T 

^ ~ R' 


( 1 ) 


Here I is the rate of flow of current (amperes), E is the fall 
of potential through the conductor (volts), and R is the 
resistance (ohms). The same proverbial high-school boy 
also knows that the power required to maintain these 
conditions is 


W = El, 


( 2 ) 


where W (watts) is power or the rate of doing work. It is 
generally convenient to combine Equations (1) and (2) 
so as to eliminate either E or I and include Rj which is 
ordinarily known for a given conductor, and so correlate W 
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with either E or /, which may be varied if the rate of heat 
input is varied. Thus we have 


W = PR 


or 


W = 


E. 

R 


(3) 


(4) 


Since W is a rate of doing work, ir< (power multiplied by 
the time during which ir is used) is work or energy, but 
tlie calorie or any otiier heat unit is also a measure of 
energy, and from the law of conservation of energy there 
must be then a proportionality between calories and watt- 
hours. Actually by experiment, direct or indirect, it can 

be shown that 

1 kwhr = 860,000 g-cal, (5) 

1 kwhr = 860 kg-cal. (6) 

I whr = 0.860 kg-cal. (7) 

1 whr = 860 g-cal. (8) 

I coulomb = 1 amp-sec (by definition). 

1 volt-coulomb = 1 watt-sec. 

= 0.239+ g-cal. (9) 

Let the reader not forget that if the current within a 
furnace is regulated by including an external variable 
resistance, that controller also dissipates heat. If the 
resistance of the furnace is Ri and there is no external 
resistance, and if the applied voltage is always E, the energy 
is all con.sumed in the furnace and is equal to E^/Ri. If 
now, without a change of voltage, an external resistance Ri 

is inserted, the current flowing becomes 


Ti = 


E 


R\ R i 


IP 


The total power becomes voltage drop in 


R 1 K 


the furnace will be power consumption is 
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then 


mi 


the electrical efficiency of the set is 


__ ^ _ E^. • 

{Ry + R,Y^ ■ R,+R,- {it, + R,y (10) 

This efficiency thus falls rapidly as the external resistance 
rises. To avoid this inefficiency, it is customary to control 
not the current with a constant voltage but the voltage 
itself. Since commercial equipment of any size is always 
operated on alternating current, this control is accomplished 
by the use of transformers having a number of taps in their 
secondary coils by means of which a selection of voltages 
may be obtained. 

If more and more heat were liberated in an enclosure 
from which none could escape, evidently the temperature 
would rise indefinitely. Sooner or later the structure or its 
contents would be melted and vaporized. A simple exam¬ 
ple of the latter is found in the electric arc, whose tem¬ 
perature rises to the sublimation temperature of carbon, 
where the solid vaporizes without passing through the 
liquid stage. After that temperature is reached, the arc 
gets no hotter, the electric input being converted into the 
latent heat of vaporization of carbon, and the gas escaping 
from the region of the arc and taking heat, both sensible 
and latent, with it. 

Let the reader be reminded that there is nothing very 
strange about a solid's passing directly into a gas. It 
happens with dry ice (solid CO 2 ), ^\dth iodine, with HgCL, 
and with many other substances. There is nothing in the 
equations for the changes of free energy of a substance with 
temperature which requires that as the temperature rises, 
first the solid state, then the liquid state, and finally the 
gaseous state should have the lowest free energy. The 
gaseous state may have a lower free energy than the solid 
at temperatures at which the liquid still has a higher free 
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energy than the gas. It cannot happen that the free 
energy of the gaseous state is liigher than that of the liquid 
at any temperature higlier than one at which the opposite 
relation existed. We cannot have the order solid, gas, 

liquid with increasing temperature. 

If the reader lias not forgotten that the free energy of a 
gas changes much more rapidly with pressure than that of 
either a liquid or a solid, he will at once have seen that the 
relative positions of the points at which the free energy 
curves of the gas intersect those of the solid and liquid will 
be readily displaced by changes of pressure, while the other 
intersection of the other two is not much altered. There- 
fore whctlier sublimution or melting occurs depends 
enormously on the pressure. Low pressure favors the 

former, high pressure tlie latter. 

Returning now to the furnace in which we were con¬ 
stantly accumulating heat units when this digression began, 
we find that it has not yet melted completely because we 
eould not completely prevent the flow of heat through the 
walls. Tliese got hotter and hotter until the outer surface 
reached a temperature at which it would give off heat as 
fast as it was being generated. This will always happen 
unless the structure fails first. 

Steady State of Heat Transfer through Furnace WaUs 

Heat leaves the outer surface, in practical cases, mainly 
bv cotivcciioti. T hat is, the adjacent air is heated, fiist by 
conduction, but tlien it immediately becomes lighter and 
rises, taking away heat in proportion to the amount of air 
passing by a given surface. The principle remains the 
same if the exterior is water cooled. 

The matliematical expressions for the cooling of a furnace 
wall by convection have eluded the experts, because of the 
complexity' of the conditions. At least they would have to 
include tlie effects of temperature differences on the rate of 
tlie convection currents, the effect of this velocity on the 
rate of heat transfer, and the effect of character of surface 
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and of temperature changes on the physical properties of 
the cooling medium. 

Textbooks commonly contain a graph indicating the 
amount of heat lost per unit area from furnace walls to air 
at ordinary room temperature as a function of the difference 
in temperature between the wall and air. These graphs are 
equivalent to saying that the heat loss from the wall per 
square centimeter per second is 


At 


= 0.74(A^) + 0.018(A(9)2, 


( 11 ) 


where AS is the temperature difference between wall and 
ambient air in centigrade degrees. 

Equation (11) is valid only for values of Ad below 250°C. 
At greater temperature differences the heat loss becomes 
decidedly greater than that calculated from Equation (11), 
perhaps because of a contribution by radiation. More of 
heat transfer by radiation wdll be found'in Chapter 15. 

Having arrived at the concept of a steady state in which 
neither face of the furnace wall, nor any point in the wall, 
is changing temperature, we have before us a flat slab 
(chosen for simplicity) of unchanging temperature through¬ 
out, through which heat is flowing. Through every unit 
of area, parallel to the furnace wall, the same amount of 
heat flows, no matter where in the walFs thickness the area 
is chosen, and hence no matter what the temperature. If 
more heat flowed in one place than in another, the material 
between would gain or lose heat units, and hence unchang¬ 
ing temperature and the steady state would not exist. 

Fourier’s law states that the rate of heat flow through a 
given area is proportional to the thermal gradient at that 
surface. The constant of proportionality is called the 
thermal conductivity of the material and varies with 
different substances and also usually ^^dth temperature. 
The differential equation for heat flow is, then, 

dH dS 

(12) 
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Here // is quantity of heat, t is time, 6 is temperature, and x 

is distance in the direction of heat flow. 

If K can be considered constant throughout the tem¬ 
perature range existing in the wall, then dO/dx is constant 
and is equal to AS. x, where A9 is the difference in tem¬ 
perature existing between the two faces of the wall, and 


(IH 

di 




When this e(iuation is integrated it becomes 

H = -Kl^- (14) 

X 

That is, the amount of heat flowing (through a unit area of 
a flat wall) is the product of the conductivity, the time, the 
difference between the temperatures of the inner and outer 
faces of the wall, and the reciprocal of the wall’s thickness. 

Since dll, di is the heat input per unit area of wall and is 
presumably known, AO/x and lienee Ad are determined, and 
the inner face of the wall has a temperature determined by 
the rate of heat input, the wall thickness and its conduc¬ 
tivity, and the rate at which the wall loses heat to the air. 

Since in any event dll di is the same throughout the 
walls, it follows that K{dd, dx) is also constant, and that the 
gradient d6,'dx varies inversely as the conductivity, whose 
relation to temperature may be experimentally known. 

Regardless of tlie material or thickness of the furnace 
lining, Faiuation (11) fixes the rate per unit of area of 
exposed wall at which heat can he generated in a furnace 
for a given outside temperature or vice versa. 

The inside temperature will depend upon the heat con¬ 
ductivity of the wall, as determined from Equation (14). 

(’ailing tlie temperature dilTerence between the inner and 
out(‘r faces of the wall A^i, and that between the outer 
surface* and the ambient atmosphere A 02 , then for the 
steady state 
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A^i 

>c — = 0.74(A(?2) + O.O18(A02)2. (15) 

From this one may calculate either x, the appropriate wall 
thickness for a given value of A^i, or the drop of tempera¬ 
ture that will take place through a wall of given thickness, 
all of course for a given conductivity k and for a given 
external wall temperature. 

Hence Equation (15) can be written 

A6i = ~ [0.74(Ai 92) -h 0.018(A(92)2], (16) 

which is independent of any particular rate of heat transfer, 
provided only that it yields a value of Adz below 250°C. It 
is plain that for a given thickness and material of wall there 
is a definite relation, in the steady state, between inside and 
outside wall temperatures. 

If the wall thickness is great enough or the conductivity 
low enough (that is, if x/k is large enough), then AOi will 
become so great that the inside surface of the wall will melt 
off, thus reducing x and hence A^i. The process will con¬ 
tinue until another sort of steady state is reached at which 
the inner wall face is just at the melting point. This 
condition is often found in practice. 

When the heat is the result of combustion involving the 
escape of flue gases, the problem involves additional con¬ 
siderations, to be taken up in what follows immediately. 
Also, if heating is not continued long enough to produce the 
steady state, the problems are much more complex. 

If A0O is the difference between the refractory^s melting 
point and the room temperature, then 

A^o “ Adi "h Adz 

and 

Ado - Ado [O. 74 (A 02 ) + O.O18(A02)2]. ( 17 ) 

For known values of Ado, A 02 , and x, the maximum thick- 
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ness of a wall that will maintain itself without melting can 
be calculated by solving Equation (17) for x. 

The expression in the brackets in Equation (17) and A02 
are related to the rate of heat input per second per unit 
area of furnace wall AH At through Equation (11). Mak¬ 
ing the proper substitutions, we have 

+ V.^^.6(A// dT) + 400 - 20, (18) 

K at 

which is an expression permitting a calculation of the 
maximum value of wall thickness x for a given rate of heat 
input atid a given conductivity and melting point of refrac¬ 
tory. The expression fails for conditions giving values of 
Ad 2 above 250°C. 



CHAPTER 



Carbon Combustion 


T 

M. HE TEMPERATURE PROBLEM in a fuel-fired furnace differs 
from that in an electric furnace in that while in the latter 
the temperature will increase indefinitely with rate of heat 
input—of course within the limit that destroys the furnace 
—in the former the combustion process itself sets a limit to 
the temperature that can be reached. 

The heat of combustion of the fuel is first transferred to 
the products of combustion (usually gaseous) and from 
there to the furnace and charge. The products must leave 
the furnace to make room for more fuel and air and in so 
doing they unavoidably carry out heat units equivalent to 
the product of their mass, specific heat, and temperature, 
A steady state would be reached if the completely insulating 
furnace structure had the temperature that the products of 
combustion would have if all the heat of reaction (com¬ 
bustion) were transferred to the resulting products. These 
conditions are, of course, never attained, but they serve to 
explain the principles. Then all the heat liberated flows 
out of the stack end of the furnace. 

69 
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Flame Temperature 

Since there is always a loss of heat through the furnace 
walls, the maximum realized temperature is less than the 
theoretical maximum by the amount of this heat loss 
through the wall (per unit of fuel) j this loss leaves less heat 
for transmission to the products of combustion. 

Here seems to be the proper place to introduce considera¬ 
tion of the chemistry of combustion, which is also a suitable 
subject for acquainting us with the 77iass law applicable to 
all chemical reactions in what may be called mobile systems. 
Mobile systems are those which permit sufficiently rapid 
molecular motion to prevent equilibrium from being 
retarded b\' lack of opportunity for reaction products to 
diffuse. 

Tlie most common fuel is carbon. In the cupola, the 
source of heat is nearly alwa^'S the burning of this element 
in the form of coke. Furnaces burning bituminous coal, 
oil, or gas use also the heat of combustion of the hydrogen 
of these fuels, and no other elements are especially impor¬ 
tant as sources of energy, although in various refining 
processes the heat of combustion of other elements may 
need consideration. 

To say that carbon burns with oxygen to form CO 2 , yield¬ 
ing 7857 (*al g C or 94,285 cal/g atom C, until one or the 
other element is used up, is a very unjustifiable over¬ 
simplification. It may also burn to form CO, yielding 
2202 cal g C or 26,428 cal g atom C. Before any con¬ 
clusion can be reached as to the amount of heat liberated 
and the temperature of the resulting gases, we must know 
what the composition of the resulting gases is. This 
depends upon the temperature and upon whether C or O 2 
is present in excess. 

If carbon is in excess, as in the upper part of a cupola or 
of a gas inoducer, it is necessary to consider the reaction 

(1) 


C -b CO 2 = 2CO. 
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If O 2 is in excess, as for example near the tuyeres of a 
cupola, the reaction is 

2CO + 02= 2 CO 2 . (2) 

Both cannot be applicable at the same time, strictly speak¬ 
ing, although opposite the tuyeres of a cupola, for example, 
the gases pass so rapidly over coke that the equilibrium is 
reached with excess O 2 and not with C, because of lack of 
time for the gases to react with solid carbon; that is, the 
mobility is insufficient. 

Mass Law 

Such a reaction as indicated in Equation (1) or (2) will 
move either way, according to the relative amounts of the 
reactants and products available, that is, according to their 
partial pressure. The forgetful may be reminded that the 
partial pressure of a constituent in a gas is the product of 
the total pressure of the gas and the volume concentration 
of that constituent. The reaction could proceed in either 
direction, but it comes to rest (equilibrium) when it pro¬ 
ceeds equally fast in both directions. This is the law of 
mass action enunciated long ago by Guldberg and Waage. 

To make it easier to follow the more immediate subject, 
we leave out here the very interesting considerations that 
affect the rate at which a reaction goes on as the reactants 
are used up. 

The conditions for equilibrium can be defined by an 
equilibrium constant called, like so many other constants, 
K. 

At a given temperature this constant K has a specific 
value, regardless of the absolute values of the partial 
pressures. It represents a relation of partial pressures, 
arrived at from probability considerations, that cause the 
reaction rates in opposite directions to be equal. 

For Equation (1) 

P2 
i CO 


K = 


COt 


(3) 
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and for Equation (2) 




The expression for K is constructed as follows. The 
numerator is the product of the partial pressures of the 
constituents to the rigid of the equality sign in Equa¬ 
tion (1) or (2), each pressure raised to the pow'er corre¬ 
sponding to tlie number of molecules involved. The 
denominator is a similar product derived from the left side 


of the equation. 



Fio. 10“1. Equilibrium Constant of Reaction CO; + C = 2C0. 
(Calculated from data of Lewis and Randall and Haslam and Russell.) 


The partial pressure of a solid present in excess is not 
considered, for it is present tin'oiighoiit tlie reaction and 
would appear eciually in tlie numerator and denominator 
and so cancel out. Tlie partial pressure (vapor pressure) 
of such an excess phase does not depend upon the amoioit 
of solid present. 

Tlie value of K for either e(iuation is knowui experi¬ 
mentally with considerable accuracy over a quite wide 
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range of temperature and is shown graphically in Figs. 10-1 
and 10-2. One can calculate, therefore, from Equation (3) 
the relative amount of CO and CO 2 in the presence of an 
excess of carbon at any temperature and for any sum of the 
partial pressures of the two gases. Similarly, one can 
calculate from Equation (4) the partial pressure of oxygen 

required to maintain any given ratio of Pco^ Pco, since 
from Equation (4) 



Since, also irrespective of total pressure, 



£coi 

t'co 




where v is the volume concentration of the gas indicated by 
the subscript, therefore 



To calculate the conditions that will produce a flue gas 
of a given composition, consider first the two reactions 


and 


C + O 2 = CO 2 
2C + O 2 = 2CO. 


One volume of oxygen forms one volume of CO 2 or 2 of 
CO (since the gram molecule of all perfect gases has the 
same volume, and at high temperatures CO 2 will at least 
approximate a perfect gas). 

The volume of oxygen required to burn carbon to a pre¬ 
determined mixture of CO 2 and CO, neglecting the neces¬ 
sary excess of O 2 represented by Equation (7), is found then 
(using V for volume fractions of the several gases and 
assuming a total gas pressure of 1 atmosphere) to be 

Vo, — Vco, + ^rco- 


( 8 ) 
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Fig. 10-2. E(iuilii»riviin (\mstaiit of Rcai-tion 2CO + 02 = 2C0. 
(Calculated from data of la'wis and Randall and Iltvslam and Russell.) 
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Since ordinarily we burn things in air which, in round 
figures, contains 1 volume of O 2 for 4 volumes of N 2 , 

= 4rcoi 2rco- (9) 

If, as usual, the pressure is 1 atmosphere, then from 
Equation (7) 

Po, = ^ , (10) 

and with this will go a volume of nitrogen, 

4 /PcoA' 

The total volume of the gas, equal to unity, is then 
Vcot + il’co + 4l’coj + 2vco + ^ ~ 

Having decided in advance what ratio of CO 2 to CO we 
want and calling that ratio a, we proceed 


*^’co2 — OCVco} 

oiVco ivco + 4arco + 2vco + 


5a 

'K 


= 1 , 


5a^Vco + 2.5i’co + 


(1 - 2a)i’co = 0.4 - 


5a^ _ 

2a2 


From Equation (10), 


K 


Voi — 


a 




(1 2a)t>co 


^ = a ^0.4 - 


2a 

K 


( 12 ) 


We are still confronted with a selection of K, which is a 
function of partial pressures, not of volume concentration. 
It is, however, immaterial for the purpose of calculating K 
in the presence of inert N 2 , whether we calculate partial 
pressures from the volume concentrations in the 4-com- 
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ponent gas (N., CO., CO, and O,) and a total pressure of 
unity or from the relative concentrations of the reacting 
gases and their aggregate partial pressures (1 — In,)* 

Our calculation applies, of course, only to one particular 
temperature if we choose a particular value of K, but we 
can apply it to any temperature if we have a table of K 
for various temperatures. 


Computation of Flame Temperature 


The purpose of all this algebraic effort to compute the 
composition of a flue gas is to arrive at the heat content of 
such a product at any given temperature. From their 
formulas, CO. and CO, it is evident that burning 1 gram 
atom of carbon to either gas produces a gram molecule 
of gas. This will prove very convenient, since the specific 
heat of any diatomic gas, except H., is the same per gram 


molecule. 

The heat of combustion of 1 gram atom (12 grams) of 
carbon to a mixture of (’O. and CO in which the volumes 
are in the ratio a, as just discussed, is 


04.2S5a + 26,428 

a + 1 


(13) 


To know the calorific efl’ect, or theoretical flame tempera¬ 
ture, we must divide this value by the mean specific heat 
of the products of combustion. Unfortunately, this num¬ 
ber is not constant, oven for a single gas, but increases 
with the temperature. Remember also the statement that 
K is a function of temperature. 

It is, however, possible to compute the compositions, 
choosing values of K appropriate to various temperatures 
and then computing the heat content at the same tem¬ 
peratures, remembering that for 1 gram atom of carbon, 
at atmospheric pressure, 

f'eot T i\-o = [(or + Dveo] = 1 (g mol). (14) 


This permits the calculation of the number of gra 


II 
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molecules of each gas in the products of combustion of 1 
gram atom of carbon at a given temperature, and hence the 
heat content at that temperature. 

Making this calculation for a series of temperatures 
permits one to plot a curve of heat content versus tem¬ 
perature. The temperature at which this heat content is 
the heat of combustion calculated from Equation (13) 
is the flue gas temperature, in the absence of any heat 
losses whatever. This problem is somewhat simpler 
than the practical one of what is the highest temperature 
that can be reached by burning carbon in air. So far, 
we have assumed a given ratio of CO 2 and CO. The new 
problem involves the question of using just that amount of 
air which will supply the amount of oxygen excess to 
produce the CO 2 -CO ratio that will give the highest 
temperature. The only simple solution is again a graphic 
one and is illustrated in Fig. 10-3. 

The abscissas (horizontal) represent the fraction of CO 2 
or CO in the gas mixture. Measuring vertically at the 
CO 2 end of the diagram the heat of combustion (per gram 
molecule) of carbon to CO 2 , and at the CO end its heat of 
combustion to CO, and joining the two points, gives a line 
showing the heat given off with changing gas composition. 

Setting off, on the two ordinates CO 2 = 1 and CO = 1, 
the sum of the heat contents of a gram molecule of each 
gas and of the nitrogen that accompanies its oxygen (4 
gram molecules per gram molecule of CO 2 or 2 per gram 
molecule of CO) and joining corresponding points gives a 
series of straight lines, each for a different temperature, 
representing the heat content of the CO, CO 2 , and accom¬ 
panying N 2 corresponding to the combustion of 1 gram 
molecule of carbon. 

But we must take account also of the excess of O 2 and its 
accompanying N 2 to produce, at the higher temperatures, 
the higher ratios of CO 2 to CO. At atmospheric pressure' 
the volume fraction of O 2 corresponding (at a given tem¬ 
perature, which determines K) to a given ratio of CO 2 /CO, 
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which is a, is given by Ehiuation (12), and the correspond¬ 
ing \'oliHne of air is ol)\'ioiisly 5 times that amount. This 
lea\'es a rt'mninder as the \'oUiine of the jn’odiu'ts of com¬ 
bustion of carbon in air of 1 — (oa \^A*). loom Kquation 
(12) wo know the volume fraction of C’O, and since the CO 
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Fk;. Calorific Efi'cct of ('arbon Rained in Excess Air. 

doi'ived from 1 gram molecule of carbon is 1 (1 + a) gram 
molecules, if is easy to calculate that the number of gram 
moh'cules of air ( 0-2 -1- dNj) is 




I + « s'K ‘ 


0.4 

1 + '2a 


2a 


(I + 2a) \'K/] 

_ 1 oa(l -j- 2a) 

1 + a 0.4 A — 2a 


(lo) 


The valiu' of this ex]n‘ession for any given temperature> 
and lienee for /v, can be calculated for any desireil value of 
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ot, that is, the CO and CO 2 content. Multiplied by the 
mean specific heat of air between zero and the chosen 
temperature, this gives an amount to be added to the heat 
content previously represented by a straight line for the 
given temperature. 

A series of isotherms result, turning sharply upward with 
increasing CO 2 content. The lower isotherms are inter¬ 
sected twice by the heat of combustion line, the upper not 
at all. There is one isotherm and one only to which the 
locus of the heat of combustion is tangent. Its temperature 
is the calorific effect of carbon. 

If we were interested only in that temperature as an 
isolated fact, paper and ink might be saved by making the 
calculation privately and merely recording the result here. 
The subject is developed in such detail to give the reader a 
quantitative understanding of the combustion of carbon 
and also as a basis for the discussion of hydrocarbon fuels 
that follows immediately. 

The problem of a maximum temperature in a furnace 
losing heat through the walls can be approached as follows. 
From Equation (13) of Chapter 9 the heat loss per unit 
of time per unit area of wall is known for a given inside 
and outside wall temperature and wall thickness. If one 
knows the number of gram atoms of carbon burned per 
unit of time per unit area of wall, it can be determined that 
the corresponding heat loss must be that furnished by a 
gram atom of carbon together with that corresponding to 
the sensible heat content of the gases represented by the 
isotherms of Fig. 10-3. The effect is to move each 
isotherm upward by that distance representing the heat 
loss through the walls per gram atom of carbon at that 
particular temperature. 

The calculations of this chapter were based on fuel and air 
at 0°C (273°K). If their temperature is higher, the 
isotherms are moved downward by an amount representing 
the sensible heat of the coke and air above that at 0°C. 



CHAPTER 


Carbon and Hydrogen Combustion 


T 

1 HKRE ARE DIFFICULTIES, wliOD burning a solid like car¬ 
bon (coke), in maintaining continuously any definite ratio 
of carbon to oxygen. Fuel beds develop passages through 
which air passes without reacting witli carbon, and if the 
oxygen supply is such as not to form CO, which might later 
react with such surplus air, an excess of oxygen over the 
most efficient ratio is inevitable. 

It is not uncommon to consider that, when burning solid 
fuel in a grate, about twice the theoretical amount of oxygen 
required to form CO 2 is necessary to avoid CO in the flue gas. 

In foundry furnaces gaseous fuels are preferred in many 
operations. These fall into four classes: carbon monoxide 
in producer gas; mixtures of carbon monoxide and hydrogen 
in water gas; and gaseous hydrocarbons, either the paraffins 
(’„H 2 »i 4-2 of natural gas, largely methane, CH 4 , or the ole¬ 
fines CnlF,, of coal gas, ]nincipally ethylene, CsHj, These 

and their combustion mav be considered in order. 

% 

Producer Gas 

Producer gas is made in principle by the reaction 

2C + O 2 = 2CO, 

80 


(1) 
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which is, however, always accompanied by the reaction 

C + O 2 = CO 2 . (2) 

What composition actually results is determined by the 
equilibrium conditions of the reaction 


CO 2 -h C = 2CO. 



The CO 2 is originally the product of reaction (2) so that the 
combined reactions (2) and (3) result in reaction (1). 

Now by the principles discussed in Fig. 10-2 (in the pre¬ 
ceding chapter) from reaction (3) we may derive an equilib¬ 
rium constant 



This K, which must not be confused with other equilib¬ 
rium constants similarly designated for other reactions, is as 
usual dependent upon temperature. 

Since we are going to operate at near atmospheric pres¬ 
sure, we can similarly say 


and 




^CO “ 



since the volume fraction of a constituent of a gaseous 
mixture is its partial pressure P divided by the total 
pressure. 

The volume of oxygen from which the mixture of CO 
and CO 2 in unit volume of flue gas came was Vco^ + -^Cco, 
since one volume of O 2 produces one volume of CO 2 but 
two volumes of CO from reactions (1) and (2). This O 2 
was accompanied by, approximately, four times its volume 
of N 2 , that is, 4^00, + 2vco, and hence 


or 


Vco + ^coi + 4ycoj + 2^00 = 1, 

oyco. 4- = 1. 


(7) 
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Substituting for /'co. its value from Equation (6), we have 


- f C'O I o 1 

o -h orco = !• 


( 8 ) 


The value of K increases with temperature until at about 


^‘cOj 


1000°C tlie value of Vco., tiiat is, .5 becomes negligible 
and ?’((, = 0.33. 
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Fifi. 11-1. Calorific Effect of Carbon Rurnoil in Insuffieicnt Air. 

Fig. 10 1 (in the preceding chapter) shows that the 
teinpiMuture developed by burning carbon to pure carbon 
monoxide in air may reach 1000°C. In contact with C 
tlieic' is a fixed ('()-('C)> ratio for each temperature and 
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pressure of CO + CO 2 . Starting with air, the partial 
pressure varies with the CO-CO 2 ratio. Fig. 11-1 is 
similar to Fig. 10-1 (Chapter 10); the curved line repre¬ 
sents equilibrium composition for combustion with air. 
Evidently the calorific effect of C to CO is sufficient to 
keep CO practically pure. A fall of temperature in the 
producer results in the formation of CO 2 and impairs the 
efficiency of the gas as a fuel. 

If producer gas is piped any distance, its sensible heat, 
arising from the combustion of carbon to carbon monoxide, 
is largely or completely lost. In the latter case, Fig. 
10-1 (in the preceding chapter) would be modified by shift¬ 
ing the line of zero temperature upward until it passed 
through the heat of combustion of a gram atom of carbon 
to carbon monoxide. The corrections for excess of oxygen 
that manifest themselves only at higher temperatures 
would then disappear, for the combustion of CO to CO 2 
would not yield a high enough temperature for a significant 
dissociation, and Fig. 10-1 would be converted to Fig. 11-2. 

Water Gas 

Blowing a producer with steam instead of with air 
produces water gas by the reaction 

C -h H 2 O = CO + H 2 , (9) 

which results in a completely combustible gas uncon¬ 
taminated with nitrogen. Fig. 11-2 shows the relation 
of the equilibrium constant to temperature. 

Water gas has been used much more as a domestic fuel 
than in metallurgy. City gas supplies have been either 
entirely water gas or a mixture of water gas and coal gas. 
Its production and combustion present a convenient illus¬ 
tration for the equilibriums of C, H 2 , and O 2 . 

In order for reaction (9) to proceed, the fuel bed must be 
initially hot enough for the reaction to go on at a usable 
rate. Since the heat of formation of CO is 26,428 cal/g mol 
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and that of water (steam) is 57,826 cal/g mol, it is plain 
that the heat of reaction (9) in which one gram molecule 
of steam disappears and one of CO appears is the difference 
between these two numbers, which is a negative number. 
The reaction still goes on, so that it must be accompanied 
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Fig. 11-2. E(iuilil)riuin Constant of C-Hj-Os Equilibrium. (Cal¬ 
culated from data of Lewis and Randall and Haslam and Russell.) 

by a decrease in free energy, even though it is endothermic, 
that is, accompanied by the absorption of heat. It is an 
excellent illustration of the fallacy that spontaneous 
reactions evolve heat. 

The temperature of the fuel bed falls until it becomes too 
low to have the reaction proceed at a useful, or even a 
measurable, speed. It must then be restored by blowing 
with air, cither mixing the resulting producer gas with the 
water gas or diverting it into any other distributmg systems. 
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It is also possible to so proportion the simultaneous 
supply of steam and air that the temperature of the fuel 
bed is exactly maintained. Since the production of one 
gram molecule of CO from C and O 2 evolves 26,428 cal, 
and from C and H 2 O absorbs 31,398 cal, and since the 
formation of a gram molecule of CO requires i gram mole¬ 
cule of O 2 or 1 gram molecule of steam, it follows very 
simply that, measured at the same temperature, above the 
boiling point the volume of O 2 and of H 2 O must be in the 
ratio 


^ _ 31,398 
I’Ht 26,428 


1.19 


( 10 ) 


if the system is to neither gain nor lose heat. In practice a 
relatively larger amount of air must be used, not only 
because there are heat losses unavoidably present but also 
in order to obtain a working temperature high enough to 
maintain the reaction at a sufficient rate and efficiency. 

Consideration of the possible incomplete dissociation of 
water or of the formation of CO 2 were here omitted as 
probably absent at the temperatures involved. This sort 
of simplification cannot be used when considering the 
combustion of water gas. Indeed, the principal purpose 
of talking about this gas at all is that it is the simplest 
example of a fuel containing both carbon and hydrogen. 

Carbon-Hydrogen-Oxygen Equilibriums 

In the preceding chapter we learned of an equilibrium 
constant K for the reaction 


2CO + 02 = CO 2 

which for any given ratio of volume of CO and CO 2 lets 
us calculate the partial pressure of O 2 in the gas. 

There is a similar though numerically different K for the 
reaction 


2H2 + 02= 2H2O 


(11) 
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such that 


K = 


^^ 11:0 


( 12 ) 


The i-elation of K to temperature is illustrated in Fig. 
11-3. 

Here again, as for the combustion of CO in the earlier 
cliapter, a given ratio of H >0 and H 2 requires a given partial 
pressure of O 2 , regardless of the partial pressure of H 2 O 
and Ho. 



Fi<;. 11-3. E<iiiilihrium Constant for Reaction CO + Hs = CO 2 
T 11;. (Calculatcc! from data of Lewis and Randall and Hnslam and 
Russell.) 
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One can make either of the following two equivalent 


statements: 

Po, 

1 ^^HiO 

" K 

(13) 

or 

t’H, 

= VKPo,. 

(14) 


This assertion must not be misunderstood to mean that 


^'HiO Vco^ 

t'co 

This would only be true if the K of the two reactions were 
the same, numerically, which it is not. Since in any given 
gas Po* has the same value, whether we consider it as part 
of the carbon reaction or of the hydrogen reaction, we can, 
however, say, by equating (13) and the similar equation 
for CO, Equation (10) (on page 75) of the preceding 
chapter, 

1 _ 1 ^’cOt /1C\ 

K-Bt Vhs -^CO VcO 

where Km and Kco are the two equilibrium constants for 
the combustion of H 2 and CO, respectively. 

For the present we shall consider Km and Kco merely as 
experimental values known for every temperature, leaving 
for discussion in the next chapter how they vary with 
temperature. This will avoid distraction from the main 
theme of this chapter, which is the combustion of a fuel 
containing both C and H 2 . 

Equation (15) could have been arrived at another way 
by considering the possible oxidation of CO by H 2 O accord¬ 
ing to the reaction 

CO -h H 2 O - CO 2 + H 2 . (16) 

Its equilibrium constant would be 


K = 


PcOp*H, 
P CoP H*0 


(17) 
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Since at a given total pressure volumes are proportional 
to partial pressure, t»o matter what the constajit total 
pressure may be, this can he rewritten as 



Vco 



which is identical with Equation (15) if K = 

Let the reader make note, for other possible applications, 
of the interrelation of such equilibrium constants. 


Calculation of Flame Temperature 

The temperature of theoretical combustion of water gas 
can, in principle, be answered by a grapliic solution similar 
to those previousl 3 ' outlined for carbon or h^'drogen. In 
execution, however, the process is much more complicated. 
Starting with such a diagram as before, with the fraction 
or per cent of C'O in the mixture of CO and CO 2 , we can 
readily plot the lieat content of the CO and CO 2 and of 
the nitrogen content corresponding to the oxygen that con¬ 
verted the ('0 into CO 2 . To this we must add the heat 
(content of the partially burned IL, of which there is one 
gram molecule (all told) for every gram molecule of CO 
burned and unburned. 

From Equation (IS) we can determine the ratio of 
Cn,o/Cii, for any chosen Vco,/t'co nnd temperature. If we 
remember that K is a function of temperature, we can then 
delcrininc tlic Iicat content of the IL, H 2 O, and nitrogen 
in the products of combustion of hydrogen. Adding this 
to the licat content of t he products of combustion of carbon 
permits the i)lotting of heat content of flue gas against the 
ratio of CO to CO 2 at a series of temperatures. 

If the temperature is high enougli to dissociate CO 2 (and 
also H2O), we must add, as in the earlier problems, the heat 
content of the excess of air required to produce a given 
(’O-CO2 latio. This would be found to be the same excess 
of air leciuircd for tlie Hj-ILO ratio, for these equilibriums 
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are interrelated as just explained. It is necessary to 
compute the excess of air from one of these ratios, but not 
from both, for the same excess is effective in controlling 
both reactions. Thus we get a series of isotherms for heat 
content as in the earlier problems, although even when no 
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Fra. 11-4. Combustion Conditions of Water Gas with Air near 
lOOO^C. 


excess air is needed, the lines will not be quite straight. 
The heat evolved by combustion cannot, however, be 
represented by a single straight line as before. This is 
due to the fact that the CO 2 -CO ratio is not identical with 
the H 2 O-H 2 ratio, nor is it necessarily a constant multiple 
thereof. 

The heat evolved by burning CO to CO 2 with various 
degrees of completion is indeed represented as before by a 
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straight line, in the present problem joining zero at CO = 1, 
with the heat of combustion of a gram molecule of CO to 
CO > at CO = 0, as in Figures 11-4 and 11-5. 

Similarly, there is a straight line joining H-. = 1 at zero 
with the lieat of combustion of a gram molecule of HjO to 



F((!. II 5. Calorific Effect of Water 0ns Burned with Air. 


Ilj at II= 0. The two ordinates at a given abscissa are 
not directly additive, for, as we have said often already, 
C((,. /v-o is not eciual to Ch,o I’n,. 

'I'Ik' ordinate at a given (T) (or CO-.) concentration must 
be addt'd to th(‘ ordinate at the H-. (or H-.O) concentration 
(leii\(Ml from lM|uation (IS), and unless K is independent of 
temperature, the sum will be dilTerent with changing 
temp(‘ra.ture for a constant ratio. The difference 

arises out of tlie heat of reaction of Equation (16), which 
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has proceeded to a greater or less extent as the temperature 
changed. 

Thus, instead of having a single line for heat of com¬ 
bustion, we have a family of lines, and to obtain the 
theoretical temperature of combustion, or calorific effect 
of water gas, we must find which heat-content isotherm is 

tangent to the heat of combustion curve for the same 
temperature. 

The combustion of hydrocarbons can be studied in a 
precisely similar manner, except that in plotting the heat of 
combustion curve from the relative amounts of C and Hs 
present, the heat of formation of the particular hydrocarbon 
must be deducted from all values. 



CHAPTER 


Relation of Free Energy and the 
Equilibrium Constant—Activity 


iJoMi-: APPLICATION of tlie equilibrium constant K to 
practical problems having now been made, the reader's 
understaiuling of tlie physical chemistrj^ involved may be 
helped by some attention to the relation of K to free 
energy and to its variation with temperature and pressure. 

The existence of an eciuilibrium constant was justified 
in an earlier cliapter on probability grounds, that is, on 


the chance tliat certain atoms would react with one another 
because of meeting by accident in favorable locations. 
From the principle that systems tend to change spon- 

direction that decreases their free energy, 
we may reason that, if tliere is a composition, correspond¬ 
ing to the constant /v, which is in equilibrium (in other 
words, incapable of furtlier spontaneous change), it must 
be in tlie state of lowest free energv. 


< i 


Here the stiulent will readily become confused and say. 
If a leaction is accompanied by a decrease in free energy, 
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why is not the completion of the reaction the state of lowest 
free energy?” 


Composition of Mini 


if 


um Free Energy 


Consider a reaction in which only gases are involved. 
As the reaction proceeds, under constant total pressure the 
concentration of the reactants, and hence their partial 
pressure, decreases. The free energy of the reactants thus 
decreases both because fewer reactants are present and 
because their molal free energy decreases as a result of 
decreased pressure. 

The products of the reaction, however, increase in 
amount and hence in partial pressure and in molal free 
energy. There comes a time when the net increase in 
free energy of the products increases more rapidly than 
that of the reagents by an amount more than sufficient to 
balance the free energy decrease resulting from the further 
progress of the reaction. 

As an illustration, consider the dissociation of CO 2 
to CO and O 2 at high temperatures. If we remember the 
relation of free energy to temperature and pressure given 
in Equations (3) and (4) of Chapter 6 and the definition of 
entropy in terms of Cp, 


dS = Cpd In p, (1) 

it is possible for us to calculate the free energy of each of 
the three gases if we know Cp in terms of T. It is also 
necessary to know the value of S and of F for each gas at 
some one temperature. 

Lewis and Randall teach that for CO or O 2 the molar 
specific heat Cp is given by 

Cp = 6.5 + 0.001 T, (2) 

and for CO 2 by 


Cp - 7.0 H- 0.0071 T - 0.00000186 T^, 


(3) 
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Kelley gives the entropies of the three gases at 298°K as 
('()., = 50 cal, CO = 45.7 cal, and O 2 = 49.2 cal. 

The International Critical Tables list the corresponding 
molar free energies at 298°K as CO = 39,294 cal and 
Oo = 10,230 cal. 

P'roin these figures and the free energy of formation of 
(’Oj, the latter’s molal free energy is determined as 106,159 
cal. 

From these data the free energies of the three gases at 
absolute temperature T and pressure p (in atmospheres) are 
found to he as follows, if the gases are at temperatures 
where they obey the simple gas law. For CO 2 

F = -16.1T log T - 1.132r - 0.00355T2 + 
0.00000031 - 93,644 + 4.554T log p. (4) 

For (’(), 

F = -14.95T log T - 1.913T - O.OOOoT^ - 

27,567 + 4.554r log p. (5) 

For O 2 , 


F = -14.95T log T - 5.S13r + 0.0005T= + 

2540 + 4.554 T log p. 


( 6 ) 


Using t hese figures, the free energy of the system CO 2 - 
('<)-().. in various states of dissociation has been calculated 
at a temperature near 2200°K, and the results plotted in 
Fig. 12 1, which shows a minimum of free energy near 
th(‘ point at which 0.04 mol of CXl-j has dissociated into 
0.04 mol of (’() and 0.02 mol of O 2 . The values of log 

are plotted for comparison. Too much pre¬ 
cision must not be expected of the graphic representation. 

It can Ix' shown that the change of (molal) free energy 
with pressUH' at a constant temperature is equal to the 
molal volume. We have seen that 


cW 

dp 


T 


= r. 


(7) 
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Fig. 12—1. Free Energy and Equilibrium Constant for Dissociation 
of CO 2 near 2000®C. 
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Assuming that the gases are ideal gases, which is probably 
tnie at such temperatures as we are considering, then 



The cliange in free energy as the pressure changes from 
pi to p 2 is therefore 

AF = RT In (9) 

Pi 


As usual, R is the familiar gas constant, about 2 cal, and 
T the Kelvin temperature. 


Free Energy and Equilibrium Constant of a Reaction 

It can be formally shown that the minimum free energy 
corresponds to the degree of completeness of the reaction 
represented by K. It can also be shown that the free 
energy of the reaction can he calculated from 

^F^=-RT\nK. ( 10 ) 

That is to say that tlie free enei-gy in a system for a reaction 
proceeding in that direction corresponding to the products 
appearing in the numerator and the reactants in the 
denominator in the expression for K has the value shown 
in E(iuation (10). A negati\ e corresponds to a spon¬ 
taneous change. 

The symbol reejuires comment. It represents the 
free energy change if tlic substances are in the standard 
slate. Tlie (piestion of a standard state is often open to 
arbitrary choice. It is the state in which the activity of 
the substance is taken as unity. For gases, the assumption 
is usually a pure gas at room temperature and pressure. 

Sometimes it is more convenient to choose another 
constant temperature for example that at which K has 
been determined, that is, the temperature corresponding 
to the T of I'aiuation (10). 

Tlie constant A' clianges with temperature. So far we 
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have considered it an arbitrary experimental constant. 
We now see that it is related quantitatively to the free 
energy, and since the free energy of substances is related 
to temperature by the equation 

(i?! = --S’ ( 11 ) 

which says that at constant pressure the free energy changes 
with temperature at a rate equal to the negative of entropy 
(at that temperature and pressure), there must thus be a 
quantitative relation between K and temperature. 

It can be shown that 


d\nK AH 
dT “ 



where AH is the change in the heat content of the system ' 
when the reaction occurs or is the negative of the heat 
evolved by the reaction. 

This equation is equivalent, mathematically, to saying 
that if In is plotted against 1/T, the slope is always AH. 

If the Briggs logarithm is used, the slope is A^/2.3. 

Over short temperature ranges, or if AH is constant, such 
a plot would be a straight line. 

If the change in heat content, often called enthalpy, 
of the reactants for a given temperature change is not 
equal to that of the products, the heat of reaction will 
change with temperature. 

In many cases the specific heats of the several substances 
can be expressed by equations as functions of T. Then 
AH can be written as an expression containing T, and 
Equation (12) can perhaps be intergrated. This is usually 
possible for gases. We have already considered the specific 
heats of substances. 


Pressure and Equilibrium Constant 

So far, we have considered the value of Kina gas reaction 
only at constant (atmospheric) pressure. The relation of 
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the partial pressvires from which K is computed is general, 
but the corresponding volume relations depend upon total 
pressure. For example, for the reaction 2 H 2 + 02= 2 H 2 O, 
we have 



which is an entirely general statement true at all total 
pressures. The reaction by which 3 mol of gas are con¬ 
verted into 2 mol is accompanied by a decrease of one-third 
in volume, if the total pressure is kept constant. 

If the reaction is at a total pressure of 1 atmosphere, 
Ecpiation (13) is equivalent to 


•) - A • 

However, if the total pressure is tt and the volume 
fractions are now designated the partial pressures are 
wir and 

{»'-7r-)„,(a'7r)o, 


Dividing numerator and denominator by tt- and transpos 
ing TT to the right side of the eciuation, we have 



ll;0 


\V“ 


II 


\v 


Oj 




From the method of derivation of Equation (14), it is 
at once obvious that the exponent of tt is always the 
dilT(*rence in the number of molecules on the left and right 
sides of tlie (apuition for the reaction. 


Equilibrium Constant in Solutions 

'I'lie e(piilibrium constant also has meaning in solutions. 
Just as we thought of it as being related to the chance of 
occurr('nc(‘ of a suitable formation of molecules in a gas, 
.so also may we regard it in solutions. Here, however, 
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the likelihood that a given atom or molecule vdll be suit¬ 
ably placed is proportional to the number present in a unit 
volume, which is measured by concentration instead of, as 
in a gas, by partial pressure. 

The concentration is, however, the mol fraction, and 
when compound formation or polymerization is possibly 
involved, we must know the molecular formulas or molec¬ 
ular weights of the constituents of the solution, not merelj^ 
the weight or volume concentration. In dilute solutions 
this makes no difference, for the molar concentrations will 
be closely allied to weight or volume concentrations. For 
higher concentration it will be necessary to consider the 
proper molecular formula in expressing the concentration. 

This similarity of the mass law in its application to 
solutions and to gases can be expressed in a varietj'^ of 
forms. A common one is that molecules dissolved in a 
neutral solvent behave as if they alone were present in 
the total volume. Another old and tried statement 
is Henry's law, which says that the vapor pressure of a 
solute is proportional to its concentration. An equivalent 
phraseology is also known as Raoult's law. 

If this is a proper generalization (and with some restric¬ 
tions if it is not), then since the solution is in equilibrium 
vdth its vapor, when equilibrium exists in the latter it 
exists also in the former, and hence there must be an 
equilibrium constant for a solution related to that for 
gases; further, there must be a statement regarding free 
energy analogous to Equation (10) for gases. 

A solution that obeys Henry's law is often said to be 
ideal. In some cases the term ideal implies also that the 
vapor behaves as an ideal, gas in regard to its temperature- 
pressure-volume relationships. 

Often one may wish to solve problems relating to solu¬ 
tions whose vapor does not obey the gas law. These 
problems could be dealt with effectively in terms of vapor 
pressure if the vapor were an ideal gas. As an instance, 
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the free energy accompanying a change of state of a sub¬ 
stance, from solid to liquid, for example, is 

AiP ._2 = RT In (15) 

Pz 

This is read: “The changes of free energy of a substance 
accompanying (isothermal) transformation from state 1 
to state 2 is the product of the gas constant, the absolute 
temperature, and the natural logarithm of the ratio of the 
vapor pressure in state 1 to that in state 2.” 

The derivation implied that the vapor obeyed the gas 
law. If it does not we can substitute for the pressure of a 
gas (here it happens to be the vapor pressure), its fugaciiy. 
The reader can think of fugacity or escaping tendency as 
being an artificial concept whose value, when substituted 
for pressure, corrects for the departure of the gas from 
perfection. 

Except at very high pressures, fugacity / can be calcu¬ 
lated from pressure p from the relation 



Here p is the existing pressure and p,- is the pressure at 
which the gas would have its observed molal volume (of 
course at the same temperature) if it were an ideal gas. 
That is to say, 




wliere T is the observed temperature, T" the observed 
molal volume, and R the gas constant. In perfect gases, 
obviously—and it may also be seen from Equations (16) 
and (17)- / = p, that is, tlie fugacity equals the pressure. 

If flic molecules of solute and solvent (terms that are 
after all rather artificial) are very similar, it may be assumed 
that a given molecule would not be either more or less 
likely to escape from the solution than from the pure 



FREE ENERGY AND EQUILIBRIUM CONSTANT 101 


substance (identical with itself). In such a system obvi¬ 
ously the vapor pressure, or more accurately its fugacity, 
would be, by the laws of chance, proportional to its molar 
concentration. However, if the molecular species were 
very different, there would be an increasing tendency for it 
to be retained or rejected. The storage of acetylene, for 
welding and cutting purposes, is a practical illustration 
of the fact that a substance in solution may have a very 
much lower vapor pressure than that corresponding to 
the presence of an equal amount of gas concentrated into 
the same volume. The storage cylinder is filled with a 
very porous absorbent (80% pores) to which is added 43% 
of the cylinder volume of acetone. The vacant space in 
the cylinder is then 37 % of its empty volume, excluding the 
absorbent. If 100 cu ft of acetylene is pumped into an 
empty cylinder of 1 cu ft capacity, a pressure of 100 
atmospheres (1500 psi) will result; but if 100 cu ft of (free) 
acetylene is pumped into the tank containing acetone and 
absorbent, the pressure will be only 10 atmospheres, 
even though the acetone expands as it dissolves acetylene. 
That is, the vapor pressure of acetylene from a solution 
whose concentration is that obtained by dissolving 100 
volumes of C 2 H 2 —measured at standard condition in 
0.43 volume (measured before solution) of CH3COCH3— 
is 10 atmospheres. Evidently the acetylene is much more 
concentrated in the solution than in the gas in equilibrium 
theremth. At atmospheric pressure acetone dissolves 24 
times its own volume of acetylene, and at 12 atmospheres 
300 times its own volume. Note that 24/1 = 24 and 
300/12 = 25, that is, the vapor pressure is nearly propor¬ 
tional to the concentration. 

Activity 

Gilbert Lewis introduced the concept of activity as a 
substitute for concentration. For ideal solutions activity 
and concentration are synonymous, but for nonideal 
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solutions the fugacity is proportional to the activity, and 
there is an activity coefficient which is the ratio of activity 
to concentration or a multiple of the relation of fugacity 
of the vapor to the concentration of a solute. Activity 
is not an absolute constant, but it is always a relation of 
activity to activity in some state taken as a standard. 
In a saturated solution tlie activity of the solute is that of 
the pure solute and is unity if the pure solute is taken as 

the standard state. 

The constancy of the equilibrium constants of the mass 
law depends upon tiie existence of the ideal state in solu¬ 
tion, l)ut similar expressions in which activities are sub¬ 
stituted for concentrations are of universal application. 



CHAPTER 



Heat Transfer in Unsteady State 


One does not burn fuel, except as fireworks, for the mere 
pleasure of doing so. For practical purposes the heat so 
generated must be transmitted to some body that we wish 
to heat. In foundry practice, this may be done to melt 
the body to make a casting or to heat it for the purpose of 
heat treating. In other fields, we may wish to convert 
water into steam for generating electricity, or we may wish 
to warm air for domestic heating, or we may wish to trans¬ 
fer heat for any of a multitude of other needs. 

The principles of such heat transfer are all the same and 
are much more easily described than applied to actual 
cases. Two steps are involved in every case: (1) the 
transmission of heat from the products of combustion or 
other source to the boundarj^ between these gases and the 
object to be heated and (2) the transfer into the heated 
body of heat reaching its surface. 

The last-mentioned step involves heat conduction in the 

unsteady state, which is a more complicated problem than 

the steady state discussed in Chapter 9 in connection with 

furnace walls. Long ago Fourier stated the basic principle 
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that the heat flowing through a body is proportional to 
the temperature gradient. If we heat one surface of 
a body above its initial temperature, heat flows m but does 
not flow out at the opposite surface because some or all of 
it remains behind, used up to raise the body’s temperature 

within. 


Diffusivity 

The abilit}^ of a substance to absorb heat under such 
circumstances is measured by a constant called its dif¬ 
fusivity, which is a property of the material. This con¬ 
stant, often represented by the symbol /i= because its square 
root appears in many formulas, is defined as 


= 


K 

pc 


( 1 ) 


Here k is the thermal conductivity of the substance (not 
to be confused with k, the Boltzmann constant), tlmt is, 
the number of heat units (calories) that will be transmitted 
by unit area (1 s(i cm) if the temperature gradient is unity 
(i°K 'em). The Greek rho, p, is the density of the material 
(grams per cubic centimeter), and C is its specific heat 
(calories to raise 1 gram 1°K). The fact that all three of 
these primary constants change with temperature is often 
neglected for simplicity, but the fact should not be for¬ 
gotten and, when necessary, values appropriate to a given 
problem should be selected. 

One may say at this point that the determination of the 
conductivity of a liciuid is extremely difficult because of 
the presence of eddy currents protluced by temperature 
dilTerences. Some ludp may be found by measuiing 
changes of electrical resistance with temperature by the 
\ise of the Wiedemann-Fran/i equation, which states that 


- = O.oSoT X 


(2) 
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This is to say that the ratio of thermal conductivity k to 
electrical conductivity c is proportional to the Kelvin 
temperature. The rule appears to be of general applica¬ 
tion to metallic conductors, in which current is conducted 
by the motion of free electrons. The units of k and a are 
the reciprocal ohm and the calorie per degree at unit 
gradient mentioned in Chapter 3. 

If we know the diffusivity of a substance, it is more or 
less simple to calculate its temperature at various times 
and positions within the body and under various heating 
conditions. Books have been written on the subject. 

Unfortunately the subject cannot be discussed without 
the use of more complicated mathematics than the reader 
may like. Fourier developed certain special techniques, 
called Fourier^s series, for dealing with the problem, and 
some recourse to the calculus is also unavoidable. Further¬ 
more, there is a different solution, often a different approach, 
depending on the shape of the object and the conditions of 
heat input. Simple formulas applying to general condi¬ 
tions are, therefore, impossible. 

Heating of a Slab 

As an example, consider a flat slab of thickness I and of 
indefinitely great extent in length and width, one of whose 
surfaces is suddenly heated by 0®; required, the tempera¬ 
ture at distance x below the surface at time t after the 
sudden heating. The problem corresponds roughly to a 
slab of metal lying on a nonconducting hearth, although 
the instantaneous heating is not realizable. It also cor¬ 
responds to the same degree (by symmetry considerations) 
to a slab of thickness 21 heated from both sides. 

Heat flows in at right angles to the surface. By mathe¬ 
matics beyond the scope of this book, it has been shown 
that if 0 is the increase of temperature at distance x below 
the surface at time t after heating the surface by ©o, then 
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m sa ® 


© = 00 j 1 





m — \ 


Sin 


tmrx 


7mr\ j. 

sin ah 


(3) 


This formidable expression gives © in terms of an infinite 
series of terms having the form following the sign of 
summation 2 (sigma); in this series m has successively all 
whole number values from zero to infinity. Fortunately, 
the series converges and generally the luimber of terms 
required to reach practically its final value is not prohibitive. 

Differentiating to obtain d©, dx to express the tempera¬ 
ture gradient at any point .x at time /, setting .x - 0 to 
obtain the conditions at the surface, and multiplying by 
K to get the heat flow per unit area, we wind up with the 
expression for tlie rate of heat input per unit time, dH/dt, 
which may be multiplied by any area desired if the total 

heat flow is desired. The result is 


tn 


dH 

dt 


i 

m- I 


The heat absorbed in lime t by unit area is found by inte¬ 
grating Eciuation (4) and is 


m B 

i 

m * I 




(5) 


wluMC Ir is the diiTusivity of the slab, t the time, and m 
(*ach odd whole number in succession. 

If we wish tlie teinperatiiro at the insulated face only* 
tlu‘ (‘xpression for © becomes 


H = H,. ( 1- 

TT 


i . \r- _ ^ 4/* . . 


ft I« 


Wtt 


( 6 ) 


OTT 
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A little study of this equation and the preceding one will 
show how successive terms are built up. 

One thing to note at once is that the ratio 0/0o is 
determined by the conditions, so that temperatures at 
given points and times and rates of heat input are pro¬ 
portional to 00 , that is, to the amount by which the surface 
temperature is raised. Note also the fact that h’^ and t 
always occur as their product, so that the time to attain a 
given state is inversely proportional to the diffusivity. 

Heating of a Sphere 

Other formulas similar to Equation (4) are available 
for long round rods and for spheres. For spheres the 
formula is 



Here r is the radius at 
of the sphere. 


j sin ^ 

- I + • ■ -j). (7) 

which 0 is desired and R is the radius 


Schmidt Solution 

In order to spare those unfamiliar with mathematics, 
Schmidt devised a purely graphical method (discussed by 
Hawkins and Agnew, Research Bulletin 98, Engineering 
Experiment Station, Purdue University) based on the 
demonstrable fact that, for flow of heat in one direction 
only, as in a slab, the temperature at any given time is 
the average of the temperature, at a time At sooner, of two 
points situated Ax on each side of the given point, provided 



If, then, one divides, as in Fig. 13-1, the thickness of the 
slab into an integral number of layers each Ax thick (Ax 
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may have any convenient value), the original 
distribution (above the original temperature of the skb) 
is, as indicated, 0o at the surface and zero everywhere 


If now we connect the point x = 0, 0 = 0o with that at 
X = 2Ax, 0 = 0, the intersection of that line with x Ax 



Fia. 13-1. SchmiHt Solution of Temperature Distribution at Various 

Times in a Slab Heated to Constant Surface Temperature from Both 
Sides. 


gives the temperature at Ax below the surface At later, 
wlicn the time interval At is computed from the chosen 

Ax by Equation (8). a _ a 

If we connect the point so found with x = 3Ax, 0-0, 

the intersection of that line with x = 2Ax gives the tem¬ 
perature 2Ax below the surface 2A< after starting. ^ If 
the surface has not changed in temperature, connecting 
lliis point with x = 0, 0 = 0o and also with x = 4Ax 
gives by intersection with Ax and 3Ax the temperature 
at these dejiths after another time interval of At has passed. 

'I'lic process is applicable to the radial heat flow in 
eyliiulers if distances from the center are drawn to a 
iogaritlimic scale, and to spheres on a reciprocal scale. 
Certain diflieultics arise in these two latter cases with 
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Dots, even mutfiples 
of At, circles odd. 

Arbitrary thickness 
ofiayers^Ax. ^ 

At^ 

2h^ 


regard to temperature near the center. The solution is 
useful, however, especially for hollow objects. 

If the heat input into a body is just equal in rate to its 
diffusion away from the sur¬ 
face, the latter will not 
change its temperature. 

Usually it is neither neces¬ 
sary nor possible to maintain 
this equality. The Schmidt 
method lets us take care of 
changes in surface tempera¬ 
ture, if known. Instead of 
having the lines for each 
temperature interval pass 
through a single point at 
a: = 0, 0 = 00 , each line is 
drawn to a point in a: = 0 
corresponding to the temper¬ 
ature that existed at that 
time. Fig. 13-2 illustrates 
the matter for a uniform in¬ 
crement of temperature A0 
during each time interval Ai. 

These solutions are relatively 
simple if we know the surface 
temperature in its relation to 
time. 

The slab we studied was 
considered as a solid. It 
might as well be a bath of 
liquid metal. In that case 

heat transfer through the bath becomes more complicated; 
not only is there transfer by conduction as just outlined, 
but also by convection, owing to the bodily transfer of 
metal by eddy currents in the bath. 

A shallow bath heated from above does not naturally set 



Fig. 13-2. Schmidt Solution of 
Temperature Distribution at Var¬ 
ious Times in a Slab Insulated at 
the Back, the Front Face Being 
Heated at a Uniform Rate. 
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up currents because the hot metal is lightest and is already 
on top. In reverberatory furnaces the travel of hot gases 
in contact with the metal tends to drive the upper layers m 
the direction of flame travel, and hence a current m the 
opposite direction is formed on the bottom of the bath. 
Such action, though not suited to quantitative study by 

calculation, is of importance in the shop. 

The changes of surface temperature in a given environ¬ 
ment tliat a given body will undergo are not capable of 
strict analysis, and the best we shall be able to do is to give 
some consideration to the principles of heat transfer from 

the surrouiulings to an object. 

The reader might expect to find here a discussion of the 

flow of hot gases in furnaces. This would require a digres- 

sion into the laws of fluid mechanics, which have their 

greatest application in the pouring of molds. It has seemed 

best not to disrupt our consideration of lieat and its transfer. 

This matter of heat flow in furnaces is, therefore, left for 

Chapter 25, when the subject of hydraulics will have been 

developed. 



CHAPTER 



Heating of Furnace Charges 


Although we shall find little in the way of practical 
application, it still is worth while to look into the transfer of 
heat into a body within a hot furnace. 

Such a body absorbs heat by contact with the furnace 
gases (or liquids if metal or salt baths are involved) and if 
the furnace contains a transparent atmosphere, by radiation 
from the furnace walls. Generally the object being heated 
has a surface temperature below that of the surroundings 
because heat is being conducted into the body more rapidly 
than it can be supplied to the surface. Also in many cases 
the furnace atmosphere is at a lower temperature at the 
surface of the charge being heated, owing to the abstraction 
of heat by the latter. This effect becomes less noticeable 
the more turbulent the flow of gas through the furnace can 
be made. 

Heat Transfer to Charge 

It is often not too bad an assumption that the heat input 

per unit area of the surface being heated is proportional to 

the difference of temperature of the ambient gas and the 
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solid metal. The constant of proportionality is called the 
coefficient of heat transfer, here designated by m. 

Schmidt’s method, introduced in the last chapter, can 
help us determine the temperature gradients in time and 

distance. 

We select values of A.r and dt by the same principles there 
described but proceed somewhat differently to draw the 
figure. In dividing our slab into layers we begin, as in Fig. 
14-1, with one whose thickness is ^Ax. We also plot an 
imaginary slab of this same thickness on the outside surface 
of the slab and place a construction point P at temperature 

00 (the temperature of the 
furnace above that of the 
initial temperature of the 
slab) and at distance k/th 
from the surface. Re¬ 
member that K is the ther¬ 
mal conductivity of the 
body being heated and rn 
is the surface coefficient 
of heat transfer. At time 
Af the approximate tem¬ 
perature distribution is 
given by joining P with 
0 = 0,.r = ^Ax. There¬ 
after the construction proceeds as shown in the figure. The 
problem can even be modified to take care of changing values 
of 00 (furnace temperature), or of the coefficient of transfer 
with temperature by plotting successive locations of P, as 
will be obvious by a study of the figure. 

Actually-, tlie basis of Fig. 14-1 is oversimplified. The 
rate of heat transfer iiu’reases with the velocity with which 
the gas tlows owv tlie surface and depends largely on the 
roughness of the surface. We evaded all these difficulties 
l)y assuming tliat we know m for any given problem, when 
we i'(‘ally do not. 



Fig. 14-1. Schmidt Solution of a 
Slab Heated at a Constant Coefficient 
of Heat Transfer to the Surface. 
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Heat Transfer by Radiation 

When high temperatures are involved, the transfer of 
heat (from an incandescent flame or from the furnace roof) 
by radiation is the major consideration. At any tempera¬ 
ture (except the absolute zero), bodies give off radiant 
energy. The amount of energy radiated per unit surface in 
unit time is proportional to the fourth power of the tem¬ 
perature (Stefan-Boltzmann equation). It depends also 
upon a property of the body called emissivity, which is the 
ratio of the energy emitted to that which would have been 
emitted by a black body at the same temperature. This 
emissivity is always less, and often much less, than one. 

When radiation falls on a body, some is absorbed and 
some is reradiated. 

The ratio of the emissivity and the absorption coefficient 
is a constant for all substances, depending only on the wave 
length of the radiation and the temperature. This being 
so, this ratio must be the emissivity of a black body under 
the existing conditions, since a body is black if it absorbs 
all the rays fal lin g upon it, that is, if it has an absorption 
coefficient of one. Readers in this field are reminded that 
the foregoing principle is called Kirchhoff's law. 

The coefficient <t in the Stefan-Boltzmann equation, 

S = aT\ (1) 

where S is the total radiation emitted (not entropy as else¬ 
where previously) and T is the absolute temperature, is 
numerically equal to 

1.378 X 10-^2 cal/cmVsec/°KS 

which represents the amount of energy radiated by a black 
body in terms of its area, temperature, and time. This 
value can be derived from fundamental constants. 

This figure assumes that radiation is in vacuo or in air 
(whose index of refraction is practically 1). Radiation in a 
medium of some other refractive index, n, is proportional 
to n®. 
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The forcf^oiiig principles can be applied to the heat trans- 
ferred to a si'cn area at a given temperature if it received 
radiation from surroundings at a given higher temperature. 

Tlie relation is expressed by 


H = kt[7\^ - Td). 


( 2 ) 


Here II is the lieat radiated in time t to the unit area of a 
.-surface at temperature 7’.> from surroundings at Tu and fc 
represents the coefficient of alisorption of the surface. It is 
implicit in this equation that the area of the surrounding 
walls is at least as great as that of the object being heated, 
which is always true for a commercial furnace containing a 
single piece or densely packed small pieces. If some of the 
(diargc is protected from direct radiation by other parts, the 
areas so shaded do not participate in heat transfer. 

.\s the temperature within the furnace becomes more and 
more nearly uniform, the constant k approaches black-body 

conditions. 

Tryiiif^ to nnike any calculations about the flow of heat 
from a niovinf*; stream of pjas to its surroundings is iisuall> 
not labor well spent. Especially if the stream is drawn, as 
in a chimney, by differences of density of the gas due to 
temperature dilTerences, the calculations become ^e^y 
involved and recourse must be made to constants that 
actually are guesses. The fact that the calculations are 
iK'ver of general application proves that they concealed 
errors due to variables with which one has not worked 

]iroperly. 

Preferred Direction of Flow in Passages 

This, ho\Ne\'or, is a good place to consider a qualitative 
l)i’incipl(‘, furllier discussed in C'hapter 25, that is all too 
freqiuMitly ignored in planning for uniform heating of a 
charg(‘. Sup]iose we wish to heat, uniformly and efficiently, 
a l>od\ of mat('rial containing various vertical passages 
t hiougli wliich hot gas may pass. If by chance one of these 
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passages is hotter than another, the ambient gas will flow 
upward in the hotter one and downward in the colder one. 
Now if heat is supplied above the charge and the flue takes 
gas off at the bottom, then the downward stream in the cold 
passage will bring in heat, and the upward flow in the hot 
passage will prevent further inflow of hot gas; thus the two 
passages will tend toward the same temperature. 

If heat is admitted at the bottom, it will seek the alread^^ 
hotter zone and accentuate the difference in temperature. 

When radiation from flame to stock is involved, luminous 
flames should be used. The fact that a flame is luminous 
indicates that it is radiating energy vigorously. 

Clear nonluminous flames heat mainly by conduction, 
heat being transmitted to stock and furnace structure and 
radiating from the latter. 

Flames are luminous when they carry solid particles, 
usually carbonaceous, which are heated by contact and act 
more or less as black-body radiators. 


CHAPTER 


Measurement of High Temperatures 


iIn important application of the principles of radiation 
is in connection with the measurement of high temperature. 

In principle, the absolute or Kelvin temperature scale 
stems from the kinetic theory of gases and from the relation 
that for an ideal gas the well-known equation of state implies 
that 



The selection of the particular increment of energy repre¬ 
sentative of a degree was originally arbitrary and comes out 
on the absolute Centigrade or Kelvin scale if in Equation (1) 
pressure is in atmospheres, V is the volume of a gram 
molecule of an ideal gas, and /?, the gas constant, is in 
calories. 

Although no gases are ideal throughout a long range of 
values of p and a number of gases exist for which either 
the agreement is satisfactory in usable temperature ranges 
or the (lex iations from E(|uation (1) are known and can be 
a])plied as corrections. 

IIG 
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Thermocouples 

The gas thermometer, however, is ill suited to commercial 
use, and moderately high temperatures are usually meas¬ 
ured by thermocouples whose operation will be familiar to 
all. The electromotive force generated by a couple whose 
cold junction is at zero absolute and whose hot end is at 
temperature T, can be arbitrarily represented by an equa¬ 
tion such as 

E = a -^hT cTK (2) 

The numerical values of a, b, and c can be determined from 
observations of E at three or more values of T known by 
some derivation, direct or indirect, from gas thermometer 
temperatures. 

The form of Equation (2) is purely empirical and has no 
theoretical meaning. 

The cold junction of a thermocouple is, of course, never 
at 0°K and rarely at 0°C, so that a correction is necessary 
to obtain correct values of T from E. 

Sometimes this is done by determining a, 6, and c with the 
cold junction at 0°C or at some other value such as 15°C or 
20°C and using the couple under corresponding conditions. 
In principle, it is well to remember that according to Equa¬ 
tion (2) the electromotive force of a thermocouple with its 
hot end at T and its cold end at Tc will be 

E ^h{T - Tc) + c(T2 - Tc^), (3) 

The equation is given to indicate that if, for example, the 
available equipment is calibrated to read correctly tem¬ 
peratures when the cold junction is at 0°C, it does not suffice 
to add to the readings the cold-end temperature if that 
differs from zero. Evidently Equation (2) is very sensitive 
to errors in c at high temperature. It is fortunate, there¬ 
fore, that the radiation laws give us a high-temperature 
scale independent of reference to absolute measurements 
based on the gas thermometer. 
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Radiation Laws 

Tlie simplest of tliese is an application of the Stefan- 
Boltzmann law. A liollow box (or furnace), at uniform 
teniporature throufijhout and haviiifjj a small windo^\, sends 
radiation from that window in accordance with black-body 

laws. 

If the radiation f^iveii out by a known area is measured, 
then the Stefan-Boltzmann equation of the last chapter 
{ 2 ;ives the temperature. 

A method that is often preferable is based on the principle 
tliat the (*olor of lisht emitted by a hot body, that is, the 
wave length of the radiation it gives off, varies with tem¬ 
perature. For the old-time blacksmith’s cherry red, blood 
red, orange, white, and l)lue heats, the physicist now sub¬ 
stitutes more definite concepts of the relation of color and 
temperature. 

The distribution of the energy radiated by a hot body 
over the entire spectrum of wave lengths is well understood 
and depends upon the temperature. There is one wave 
length, X,„, for which the radiation is of maximum intensity. 

'rhese wave lengths are related to temperature by the 
{‘xpression (Wien’s displacement law), 

KT = 2.SS (cm°K), (4) 


in which T is in ‘^K. 

It is (|uife ])ossible by spectroscopic measurements to 
find the wave length of the most intense radiation,which 
tnay b(‘ in tlie infrared or in the visible spectrum, and so 
(halucc the temiierature of the radiator. 

H(' it well remembered, lunvever, that the principle is 
applie.alile only to boilies that ratliate a continuous spec¬ 
trum. (llowing gases that emit radiations of characteristic 
l'r(‘<iu('ncies (line spectra such as are used in chemical anal}'- 
>esi ha\(' tlu'ir characteristic wave lengths determined by 
{Mu'rg\ ciiangi's within the atom and do not come within 
the licld of Wien’s la.w. 



CHAPTER 



Vaporization and Oxidation of 
A Hoys 


T 

1 . HINGS WOULD BE much pleasanter for the foundry 
metallurgist if the molten metals would only remain unal¬ 
tered in composition. 

Although the steel foundryman in most cases wishes to 
produce chemical changes by his processes, his brothers in 
most other fields would be gloriously happy if they could 
only mix solid metal in proportions to give the desired com¬ 
position, melt it, and cast the product. 

Nature is not so simple. The principal causes for unde¬ 
sired changes of composition are vaporization and oxida¬ 
tion, although in cupola melting of cast iron, carburization 
is also to be considered. 

In an earlier chapter we learned that all substances have 
a vapor pressure that is related to the temperature. This 
vapor pressure is the partial pressure of the substance in the 
ambient atmosphere when the latter contains just enough 
molecules of the substance so that, by the operation of 
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chance, molecules enter and leave the substance at the same 
rate. 

In ideal solutions the vapor pressure of a solute at a given 
temperature is proportional to its molar concentrations 
so long as this rule holds, if we know the vapor pressure of a 
pure substance at a given temperature, then in a solution 
containing a particular mol fraction of that substance its 
vapor pressure is the product of the existing mol fraction 
and the vapor pressure of the substance in the pure state. 

Here we become involved in the question of molecular 
weights and enter on the somewhat disputed field of w'hether 
li(iuid metals contain molecules. These problems would 
ha\e to be resolved before we could make full use of the 
principles under discussion. 

In E(iuation (2) of Chapter 5 the equation correlating 
vapor pressure with temperature was quoted. 

In (’hapter 12 the concepts of activity, fugacity, and the 
activity coefficient that can be used for nonideal solutions 
were described. 

Slags are freiiuently considered to be nonideal solutions 
of very simple molecular types in one another. Chipman, 
howe^'er, has pointed out important instances where assump¬ 
tions of more complex molecular species would yield con¬ 
stant activity coefficients for varying molar concentrations. 

Similar conditions may exist in metallic solutions. In 
any event, if activities arc substituted for concentrations, 
tlie usual eiiuilibrium laws remain valid even for nonideal 
solut ions. 

Vaporization in Melting 

Returning, after this brief digression, to the vapor pres- 
sur(‘ (or fugai ity) of a component of a solution, we find that 
it rises witli concentration and temperature. If we heat a 
substance in a closed container, enough of the substance 
will \ai)oii/.(‘ to ])roduce tlie corresponding vapor pressure 
in tlu' enclosed atmosphere, and evaporation will stop. 
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If some of the substance is constantly removed, more will 
continually evaporate, and the solution will be depleted in 
the more volatile constituent; that is, that of highest vapor 
pressure. 

One is not surprised when such metals as zinc can be dis¬ 
tilled but other metals, not usually thought of as volatile, 
behave similarly. The boiling point of manganese is 
1900°C; that is, its vapor pressure is one atmosphere at that 
temperature. The manganese content of steel (boiling 
point of iron 3000°) can be reduced to a few hundredths of 
one per cent by distillation into a partial vacuum of a few 
thousandths of an atmosphere. 

Only the partial pressure of the element enters into this 
picture, for the vapor pressure of a substance, though vary¬ 
ing with temperature, is nearly independent of total pressure. 

The very recent interest in magnesium-bearing cast iron, 
shown in Fig. 20-12, emphasizes the importance of vapor 
pressure considerations in foundry operations. Magne¬ 
sium boils at 1110°C, yet it is desired to retain, a low con¬ 
centration in iron at 1400°C. This is kno^^^l to be possible, 
especially, according to Harold Bogart, if the ladle is far 
from full. How can this be? 

From Trouton's rule, for vaporization, discussed in Chap¬ 
ter 5, the latent heat of vaporization of magnesium should 
be about 30,426 cal/gm atom at 1383°K (1110°C). From 
the Clapeyron-Clausius equation (2) in Chapter 5, its vapor 
pressure at 1673°K (1400°C) is about 6.5 atmospheres. 

Assume that 0.07% Mg by weight is to be retained; this 
is 0.133 atomic per cent since the atomic weight of iron is 
about 1.9 times that of magnesium. If the solution is 
atomic and ideal, that is, obeys Henry’s law, the vapor 
pressure of magnesium from the alloy will be 0.00133 X 
6.5 = 0.0086 atmosphere. The total pressure of gas on 
the ladle is, of course, one atmosphere, so that it must 
contain 0.86% by volume of metallic vapor to retain the 
desired magnesium content. 
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The vapor is strongly reactive with both N 2 and O 2 
and may also be carried off by convection currents, but it 
seems possible, by minimizing the latter, to maintain a 
suitable atmospliere for a considerable time. It is also 
to be considered that the top of a partly filled ladle may be 
far enough from the metal so that the temperature there is 
below tlie boiling point of magnesium which is then returned 
as droplets to the surface. 

Such an alloy should not he able to evolve magnesium 
\'apor below the surface of the liquid when the pressure of 
necessity exceeds one atmosphere. Bubbles of some sort 
do, however, freciuently form inside the skin of frozen 
castings, possibly' because of the existence of subatmos- 
pheric pressure when the liciuid metal shrinks inside the 
frozen shell. Alternatively the bubbles may be some other 
gas arul not fnagnesium vapor. 

Clenerallv the foundrvman is concerned with oxidation as 
a matter of slag reactions. These reactions are discussed in 
C'hapter 17 in connection with steelmaking processes. This 
is a good place, liowever, to introduce consideration of how 
metal is oxidized by furnace atmospheres. 


Oxygen Pressure 


All the metallic oxides have dissociation pressures. If 
they aie heated, oxygen is given off until for a given tem¬ 
perature tiic partial pressure of oxygen has some particular 
value, ('onversely, if either solid or liquid metal is exposed 
to an atmosphere whose partial pressure of oxygen is higher 
than tlu‘, ilissociation pressure of its (lowest) oxide, that 
oxide is fortned at the surface. 


(\)ncei\al)ty, the oxide dissolves in the metal, but then 
inoi'i' and more oxide is formed until the metal is saturated 
and an oxide forms on the surface. 


If the temperature is high enough and the pressure low 
enough, any oxide should be capable of giving off its oxygen 
and being converted to pure metal. Actually, the tern- 
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perature and pressures, with few exceptions, are not attain¬ 
able. Priestley’s experiment, in which he heated HgO to a 
temperature where its dissociation pressure was above the 
pressure of oxygen in the atmosphere, is a famous exception. 

In discussing combustion we found that, in general, at 
flame temperature we encounter the presence of some O 2 in 
order that the equilibrium 

2 CO 2 = 2CO + O 2 

might be obtained. Such atmospheres will oxidize a metal 
if the partial pressure of O 2 is greater, as it often is, than the 
dissociation pressure of the oxide. 

The reaction of iron with carbon during melting is best 
considered two chapters later in connection with the iron- 
carbon system. First, it will be well to learn more of some 
important chemical reactions. 



CHAPTER 


Direction of Reactions 


.Uetallurgists need to know in what direction reactions 
will go, how fast, and how far. Since in many cases proc- 
esses are carried on too rapidly to reach completion, the 
first is the most important. 

Direction of Reactions 

All processes proceed spontaneously in the direction that 
reduces the free energy of the system. Tliis has been said 

before but will bear repeating. 

In Chapter G we learned that F, the free energy of a sub¬ 
stance or of a multiplicity of substances forming an isolated 
system, is related to the heat content of the system and to 
its entropy, that is, the unavailability of its heat content, 
and to enthalpy, //, by the equation 

F = H - TS. (1) 

Recall that II and S are calculable from specific-heat data. 
Free Energy of a Reaction 

Subtracting the value of Equation (1) for a system before 

a reaction begins from its value after the reaction is com- 
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plete, we write, for changes in the three constants, 

AF = AH - TAS. (2) 

The equation applies to an isothermal process, and if the 
process is carried out reversibly, it can be applied to the 
calculation of the free energy of the reaction. If AF is 
negative, the reaction will proceed spontaneously. 

When AF = Oy the reaction has gone to equilibrium. 


Reversible Processes 


The concept of a reversible reaction can be made the 
subject of lengthy philosophic speculation. Perhaps it can 
be approached indefinitely 


closely but not reached. 
The reader can visualize its 
meaning by remembering 
that it represents carrying 
on the process under condi¬ 
tions that at no time leave 
the system more than an 
unimaginable small degree 
away from equilibrium. 

This means that all but 
the smallest gradients of 
temperature, electromotive 
force, concentration, and 
other factors with time 



Fig. 17—1. Manganese-Iron-Ox- 
ygen-Sulphur Complex in Medium 
Carbon Steel. 500 X; Unetched. 


and space are to be eliminated. This implies that the 


process be carried on very slowly. 

The reason that such a matter need be considered is that 
although AF and AH are dependent only on the beginning 
and final states of the system, the work done can vary 
according to the path the system takes in changing from 
one state to the other, and only the reversible path gives 
the maximum of available mechanical work, and hence the 

entropy. 
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Readers often think that AH must be zero for an isother¬ 
mal process. This is a mistake, for even if the temperature 
floes not chanpic, the mean heat capacity may do so. ^lelt- 
ing or boiling are examples. 

A discussion of how we know the free energies of reaction 
would take us somewhat far from the foundry metallurgist’s 
activities. 


Equilibrium Constant 

In C’hapter 10 we became acfpiainted with t!ie law of 
mass actif)!! as applied to gases. A similar law applies to 
siibstances in solution. If we have a reaction in which a 
mole(‘ules of substance A react with b molecules of B and c 
molecules of C\ and so on to produce q molecules of Q, r 

molecides of R and s mole- 
/' cules of S, and so on, which 
- ' might be written 


k 
• • 

i 






4 « 


a\ />B + cC + • • ■ = 
qQ -b rR + sS + • • • , 

then the reaction will at¬ 
tain equilibrium when 


lAllBlICr 


= A', (3) 


Fk;. 17 2. (Iniinlxmndjirv lii- 

% 

clusidns of M:uig:ui('s(*-Ii-on-Sulphiir 
Coin|)l('\ ill Mciliinu Cjulxm Stt'cl. 
."lOOX : riu*tfii(*(l. 


where A is called the equi¬ 
librium constant of the 
eciuation and is independ¬ 
ent of the absolute values 
of tj, R, S, A, B, and C. In 
Efpiation (3) [Q] means the 
molar concentration of substance tj in solution or, for a non¬ 
ideal solution, the activity of in the solution. In the latter 
case some wi ite instead of [Ql*'. 

In th(‘ eai lier chapter, an outline was given showing that 
such an cfpiat ion as now written |E(piation (3)] would repre- 
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sent a stage of completion at which AF for the reaction 
became zero. On one side of this relation the reaction 
would proceed in one direction and on the other, in the 
opposite direction. Equilibrium is implied. 

Having merely indicated that the mass law and free 
energy have a logical rela¬ 


tion, we turn to the former 
for help in studying these 
reactions. 

Most foundry practices 
seek to avoid chemical reac¬ 
tions that produce changes 
of composition. The steel 
foundry constitutes an ex¬ 
ception, for it must deliber¬ 
ately remove carbon from 
the charge and finally de¬ 
oxidize the metal. Basic 
melting also involves re¬ 
moval of phosphorus and/or 


/ 





Fig. 17-3. Eutectiform Inclu¬ 
sion of Manganese-Iron-Sulphur 
Complex in Medium Carbon Steel. 
500 X; Unetched, 


sulphur. Actually, these 
processes involve reactions between slag and metal, but for 
a beginning we may consider the problem as one of reactions 
between compounds dissolved in molten iron. 


Nemst Partition Principle 

This follows from the so-called Nernst partition principle 
which states that the ratio of (molar) concentration of a 
given solute in solution in two different solutes (thus form¬ 
ing two solutions that do not mix) will be a constant. More 
rigidly speaking, “activities” should be substituted for 
“concentrations.” 


Carbon-Oxygen 


Equilibrium in Steelmaking 


Now at meltdown a steel bath contains carbon from the 
charge in solution and also has dissolved in it ferrous oxide 
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(FeO) from the slag. These usually wish to react according 
to the formula 

FeO + C = Fe + CO. 


The mass law then says that equilibrium will be reached 
when 


[FelPco 

[FeO][C] 



But the CO escapes as bubbles of that gas whose pressure is 
but little above atmospheric, and the mol fraction of iron is 

nearly constant and nearly 
unity; hence one can say 
(with near accuracy) that 


If 

1 


Fig. 17-4. Mangancsc-Iron- 
Sulphur Grainbouiulary Film in 
Medium Carbon Steel. 500X; 


[FeO][C] = K,. (5) 

This constant has actually 
been determined by a num¬ 
ber of observers. Expressed 
as the product of oxygen 
and carbon, both in weight 
per cent instead of in mol 
fractions as above, this prod¬ 
uct is probably near 0.005% 
for low carbons at the tem- 


Uiietebed. perature of molten steel. 

This equilibrium constant is found to increase \\'ith 
increasing carbon, whicli has been explained by the fact 
that the product of tlie mol fractions in Equation (5) is not 
directly proportional to weight fractions, that carbon may 
be present as eillier or both C and FcsC, and that CO may 


be soluble in iron. 


The constancy of product of the FeO and C concentration 
in the iron implies that equilibrium is attained in the steel 
melting process. It has been rather definitely established, 
by observing the oxygen and carbon contents of a heat dur¬ 
ing (U'caiburization, that this product may varj' widely 
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and that the oxygen content of the bath is more closely 
related to its Mn and/or Si contents than to its carbon 
content. A variety of ingenious explanations have been 
formulated, all of which consider the mechanism of the 
removal of CO as bubbles. Our derivation involved the 
thought that the bath is in equilibrium with CO at room 
pressure. The formation of a bubble within a liquid 
involves considerable energy » 

because of surface tension 
and other forces whereby the ^ ^ 

effective pressure of CO is in- 
creased at the surface be- 

tween gas and metal. Such ^ 

a process may well result in 
failure to attain equilibrium 

from the high carbon side ^' 

and may explain the fre¬ 
quent occurrence of carbon 

and oxygen, with products Fig. 17-5.., Manganese-iron- 
far too large. Aluminum-Sulphur Complex in 


Fig. 17-5.., Manganese-Iron- 
Aluminum-Sulphur Complex in 


On the other hand, more Medium Carbon Cast Steel. 

. . xi u 500X; Unetched, 

experimenters than one have 

found that the rate of carbon removal can be used to meas¬ 
ure the oxygen content of metal. Perhaps the circum¬ 
stances were favorable for the attainment of equilibrium. 

Our present purpose does not warrant detailed discussion 
of the physical chemistry involved. After removing car¬ 
bon, usually to a fairly low figure, it is often necessary to 
remove excess oxygen in order to get quiet steel. This may 
be done by adding any readily oxidizable element, such as 
Mn, Si, Al, Ti, and so on. 


Deoxidation by Manganese 

For example, if Mn is added, the reaction Mn -b FeO = 
MnO + Fe will take place and its equilibrium constant 
will be 
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[MnO] 

[Mn][FeO] 




If equilibrium is reached, the relation ^ metal 

. . /j\InO\ . , 

will be proportional to the relation I p 0 Q ) ^ slag. 


Since both Mn and C may remove oxygen under given 
conditions, eitlier Equation (5) or Equation ( 6 ) may corre¬ 
spond to the lower value of oxygen in iron. It is the intent 
of the deoxidizing process that Equation ( 6 ) shall produce 

the lower oxygen. 

It is instructive to note that if both reactions are to give 
the same FcO, then from Equation (5) 


[FeO] = 


A% 

[C]^ 


and from Equation ((3) 


[iMnO] 


The two values of FeO must be equal, that is, 


A 2 
[C] 


[MnO] 

lUn]K 


or 


IMuOllC] 

[Mn] 




Tlu* amount of manganese to be added to steel of a given 
carbon to prevent the formation of CO is a function of 
(he MnO dissolveil in the metal and hence of the slag 
composit ion. 

TIic values of the various equilibrium constants change 
with tc'inperature, anil the amount of a given deoxidizer 
that will reduce tlie oxygen to some particular value thus 
di'i^eiids on temperature. It can readily happen that the 
ri'lative ability of two elements to deoxidize steel may 
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change so greatly with temperature as to reverse their rank 
for this purpose. 


Basic and Acid Slags 

The amount of FeO in steel 


slag but also on the other 
slag. Acid slags are, in the 
main, solutions of (MnO) 
(Si 02 ) and (Fe 0 )(Si 02 ) in 
each other. Neither is sol¬ 
uble in iron to any marked 
degree. If lime is added to 
the slag, some of the SiO 
becomes converted into 
(Ca 0 ) 2 Si 02 , the lime sub¬ 
stituting for FeO or MnO, 
which can then dissolve in 
the mixture of silicates. 
These free oxides in solu¬ 
tion divide between the slag 
and steel in accordance 
with the Nernst partition 


depends in part on that in the 
chemical characteristics of the 


4 


Fig. 17-6. Duplex Sulphide in 
White Heart Malleable. Largely 
Iron, Sulphur, and Oxygen. 1000X 
(Oil Immersion); Unetched. 


principle, and the oxides dissolved in the steel are active 
decarburizers. 


Manganese Sulphide 

Another reaction of great importance to the steel foundry- 
man is 

Mn + FeS = MnS + Fe. 

At furnace temperature this reaction goes to the left and the 
resulting FeS dissolves in steel. The addition of man¬ 
ganese can then not desulphurize the steel. As the tem¬ 
perature falls, the reaction proceeds more and more to the 
right, and the lesser solubility of sulphur complexes high in 
manganese and the lower temperature cause these sub¬ 
stances to separate out as a separate phase. Some may 
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rise into the slag, but much is trapped in the freezing metal. 

Since oxygen is likely to be present, the substances are 
actually mixtures of sulphides and oxides of manganese and 

iron dissolved in one another. 

When they are relatively rich in oxygen and manganese, 
they freeze into droplets before the steel solidifies. When 
low in manganese, they remain liquid until they have been 
trapped into grain boundaries during freezing. 

Deoxidized steels are thus likely to contain grain bound¬ 
ary sulphides that weaken the metal. When the deoxidiz¬ 
ing agent is aluminum and an excess of, say, from 0.02% to 
0.05% of that metal remains after deoxidation, it passes 
into the sulphides and raises the freezing point, thus keeping 
them from being scattered all over the grain boundaries. 

Tlie sulphides containing aluminum are somewhat 
angular in character, suggesting that perhaps they crystal¬ 
lize out of the metal instead of separating as a liquid. 

The removal of phosphorus from liquid steel requires 
slags high in lime and in iron oxide to convert that element 
into tricalcium phosphate. If the slag is not kept basic, 
phosphorus may revert from slag back to metal. The 
equilibrium constants are so related to temperature that 
the reaction proceeds best at lower temperatures, which is 
rather unusual. 

Solubility of Gases 

The concentration of a dissolved gas is of course propor¬ 
tional to its partial pressure in the ambient atmosphere. 
The diatomic gases, and N^, dissolve as atoms; hence 
their solubility is proportional to tlieir concentration and 
degree of dissociation and hence to the square root of their 
partial pressure. From the mass law the concentration of 
atoms is proportional to the square root of the concentra¬ 
tion of molecules. 
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Rate of Reactions 


M 

.Host foundry processes are conducted too fast for 
equilibrium to be reached. In such cases the reactions go 
toward the conditions discussed in the previous chapter but 
may not come near reaching these completely. 

Laws can be worked out for the velocity at which a 
reaction goes on if the reactants are kept thoroughly avail¬ 
able to each other, as in a well-mixed liquid. 

Thermal Coefficient of Reaction Velocity 

Reaction rates in gases are proportional to where 

Q has the dimensions of energy. 

The effect of the negative sign, since Q is a positive num¬ 
ber, is that the logarithm of the rate varies inversely, as 
l/T. 

Experience has shown that this also applies well to many 
reactions in solution. 

The rate at which the reaction changes with time depends 
upon its type. 

Reaction Velocities 

Reactions in which a molecule falls into its constituent 
atoms (or simpler molecules) are called monomolecular or 
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first-order reactions. Their velocity is proportional to the 
concentration .t of the dissociating substance. It is a 
matter of simple calculus to show that the concentration 
[X], existing at time I, if the original concentration at time 

zero was [X)o, is given by 

In [X], = In lX]o - at. (1) 

Here a is a constant appropriate to some particular reaction 
and temperature. Reactions in which two molecules par¬ 
ticipate to form one or more other reactions are second- 
order reactions. If [A] and (B] are the initial concentra- 
tions of the two species of molecules that disappear and X 
is the decrease in concentration of A after time i, then 


1 


In 


[B]([A] - X) _ 


[Al - IBI [AKIB] - X) 


= at. 


( 2 ) 


The process can be applied to reactions of still higher 
order by solving the equation 

-J- = a([A] - X)(IB] - X)([C] - X) • • • . 

Third-order reactions occasionally occur, but very few 
reactions of higher order proceed in a single step. 


Limitations on Reaction Velocities 

As in so many other cases, the foundry metallurgist s 
problem is not so simple as the chemist’s deductions appear 
to make it. AVlien we consider an actual slag reaction, an 
essential step in the process is the passage of, say, ferrous 
oxide from slag to metal and its migration in the steel bath 
until it meets a migrating carbon atom. It can readily be 
that this process is slow enough to be the governing step in 
determining reaction rates. 

Also, if carbon is removed, CO bubbles must form against 
the surface tension at the gas-metal interface. The pres¬ 
ence of roughnesses on a furnace bottom, or the introduc¬ 
tion of a bar, may greatly facilitate the escape of gas by the 
same process that causes solutions to boil more steadily if 
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the beaker contains a few pieces of broken glass, aluminum 
foil, or a pointed stirring rod, all of which present points 

where bubbles form most easily. 

Reactions in the solid state, as for example the annealing 
process of the malleable industry, which dissociates iron 
carbide into its elements, are almost completely controlled 
as to their rates by the ability of elements to diffuse through 
iron and by the ability of phases that want to separate to 
find nuclei, or situations where separation is easiest. 

In the growth of crystals, the rate at which atoms can 
deposit in the necessary orderly pattern is limited and is 
different in different directions. 

The fact that the linear crystallization velocity varies in 
different directions gives their regular form to crystals. 
The velocity is greatest in directions perpendicular to the 
crystal faces. The relation of crystallization velocity to 
temperature has been discussed in Chapter 8. 

Reactions between gases and solids, as for example 
between CO 2 and carbon in steel, depend on the adsorption 
of gas on the surface and therefore are related to the charac¬ 
ter of the surface and may be influenced by the presence of 
other gases. Water vapor and its dissociation products are 
believed to favor adsorption and speed the reaction. 

Plainly many factors must be considered when studying 
the rate at which a given reaction can proceed. 

The reader may very properly ask for specific information 
as to the free energies of the metallurgically important sub¬ 
stances in their several pertinent states—solid, liquid, in 
solution in various other substances, and so on, all in rela¬ 
tion to temperature—or he may desire values of equilibrium 
constants for the important reactions, again as related to 
temperature, pressure, and other environmental conditions. 

The field is so immense and so incompletely explored that 
an attempt to meet this demand is beyond the scope of this 
book. There are books giving those constants in this field 
which have been determined, in particular a series of publi¬ 
cations by J. J. Kelley of the U. S. Bureau of Mines. 


CHAPTER 


Origin and Control of Carbon in 
Ferrous Alloys 


T 

1 HERE ARE MANY better rcasoHS for giving space to the 
iron-carbon alloys than the author’s special interest in that 
field. Ferrous castings constitute an enormous proportion 
of the world’s foundry products. Their versatility, from 
soft steel to hard cast iron, is due in large measure to the 
great efTect of carbon on the properties of the metal iron, 
coupled with the opportunity that the allotropic changes, 
that is, changes in the atomic arrangement, in the metal 
furnish for altering the form in which carbon exists in the 
alloy. 


Source and Concentration of Carbon 

A study of the iron-carbon system must begin with some 
attention to the iron-carbon-oxygen equilibriums, which 
often dotermine what the carbon content of a product will 
be. In the upper ])art of the blast furnace, iron ore (typi¬ 
cally Iiematite, ferric oxide, Fe-jOA encounters a mixture of 

('0 and CO-: derived from the partial attainment of equilib- 

13G 
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rium of atmospheric oxygen with the carbon of coke. We 
have already touched on the essential reaction in consider¬ 
ing the cupola in Chapter 10. 

In either the cupola or the blast furnace, air strikes 
incandescent coke and burns the latter. Because of the 
excess of coke and the high temperature, equilibrium some 
distance up in the furnace finally requires a high proportion 
of CO. As the gases as¬ 
cend through the stack and 
impart their heat to the de- 
•scending charge as sensible 
heat and perhaps as heat of 
reaction, the equilibrium 
will shift to higher percent¬ 
ages of CO 2 . However, 
below, say, 500°C the reac¬ 
tion becomes so slow that 
the gases retain far more 
CO than would be expected. 

The CO-CO 2 mixtures 

that are in equilibrium with 

Fe and FeO, FeO and 
Fe 304 , and Fe 304 and Fe 203 
have been studied very 
extensively, especially by 
Schenck, and these equilib¬ 
riums, which are independ- 
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Fig. 19-1. Iron-Oxygen and 
Graphite-Oxygen Equilibrium. 
(Approximately after Kelley’s data.) 


ent of pressure, are shown in Fig. 19-1. 

Actually the line marking the equilibriums of Fe and FeO 
marks the equilibrium of the compound FeO and Fe satur¬ 
ated with FeO, and in the zone above that line the oxygen 
content of iron decreases with CO 2 content. Shortly we 
shall see that iron will absorb carbon in this area if the tem¬ 
perature is high enough. 

Returning to our blast furnace we find, in fact, gas and 
temperature conditions successively below the top of the 
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stack favoring the reactions, 

CO + Fe^Os = Fe304 + CO 2 , 

CO + FesO^ = 3FeO + CO 2 , 

and 

CO 4- FeO = Fe 4- COo. 

As a result of the series, metallic iron in the solid state makes 
its appearance in the charge. Below the A\ point, the 
reaction of C and Fe is slow, owing to a low migratory rate 
of carbon into iron from the surface where it might be^ 
absorbed, Init above A 3 , when the iron is in the gamma 
state, the reaction 

2CO 4- 3Fe = FegC + CO 2 

pro(*eeds energetically, the carbon migrating inward into 
the iron particles. 

The system we are considering is one of three components, 
Fc, C, and O, and two phases, solid and gas, when above the 
criti(*al point Ai. The solid would be of two phases below 
the critical point if it contained carbon. Gibbs’s phase rule 
then leaches us that in the former case the number of 
<legrees of freedom is 

3 + 2 - 2 = 3. 


That is, we can assign arbitrary values to three variables 
before the composition of the system is determined. If w’e 
set a pressure and temiierature, two degrees of freedom are 
used up. If we set a ratio of CO to COj, we in effect deter¬ 
mine the carbon (or oxygen) content of the gas phase, and 
the composition of the gas and of the solid is completely 
determitu'd. The iron will then contain a given amount of 
carbon. 'I'lu' (‘(pulibrium of CTl-CO-. mixtures with aus- 
l(Mule of various carbon contents has been studied by 


s{*\(‘ral t)bsei\ers, and the results are summarized in Fig. 
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Fig. 19-2. Carbon-Oxygen-Austenite Equilibriums. (Approxi 
mately after Kelley’s data.) 


Carbon-Oxygen-Gamma Iron 

Fig. 19-2 has great utility in any problem where a reaction 
between CO-CO 2 mixtures and solid steel is involved. Note 
that it is in the nature of an addition to Fig. 19-1 of this 
chapter, filling in data above the so-called Fe-FeO equilib¬ 
rium line. 

Solid iron can be carburized under the most favorable 
conditions up to about 1.75% C before melting. For this 
to occur, the CO-CO 2 mixture must be in equilibrium with 
cementite, and the temperature must be 1130°C, the 
eutectic melting point. 

When the carburized iron of this or a lesser carbon con¬ 
tent melts, the solubility for carbon suddenly increases, and 
—to the extent that ample contact between melt and coke 
exists—the carbon rises rapidly. Indeed, gases in equilib¬ 
rium with coke should raise the carbon just as much. 
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The form in which carbon exists in liquid iron is not 
clearly understood. Cesaro concluded that it was present 
as cementite molecules, based on the form of the solidus 
and li(iuidus curves of hypoeutectoid metal. This view has 
now found considerable acceptance, although the possibility 
of dissociation, according to the reaction 

Fe 3 C = 3Fe + C, 

cannot be excluded. For low concentrations of carbon, the 
ratio of atomic carbon to molecular cementite should be 
constant, but we do not know enough about the constants 
for free energy of formation of cementite dissolved in iron 
to set a value. For a more concentrated solution when Fe is 
no longer substantially constant, the proportionality of C 
to FesC" would fail, and this ratio would increase rapidly 
with increasing total carbon. Such a state is definitely 
reached in the carbon range for east irons. 

It is (iiiitc easy to reach temperatures at which the iron 
in contact with carbon will become hypereutectoid in com¬ 
position, and indeed carbon contents above 6|rf> tJiat is, 
that of cementite, can be had without much difficulty. 
Just what is in solution in such cases may be left unan¬ 
swered. The hypereutectoid part of the iron-carbon sys¬ 
tem, especially above the eutectic temperature, has not yet 
been adequately explored. 

As the li(|uid iron from the blast furnace cools in the 
ladle or in pigs, the solubility of carbon decreases, and some 
carbon must be rejected. Actually kish, which consists of 
graphite flakes, floats away. 

Solid Cementite-Solid Graphite-Liquid Iron 

Eegardless of Avhat was in solution, it is natural that what 
escapes should be largely graphite. Tlie solubility lines 
of cementite and graphite in solid iron would, if projected 
upward, intersect somewhat above 1200T. This indicates 
that solid graphite and solid cementite are in equilibrium 
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at that temperature. One would infer, therefore, that the 
hypereutectic liquidus lines of the stable system should 
intersect at that temperature, a point not so far considered 
in any discussions of this region of the diagram known to the 
author. Above 1200°C, cementite is stable; below this, 
graphite. 

Now solid cementite can exist at about 1200°C only in 
equilibrium with a saturated liquid solution in iron. Any 
cementite rejected above 1200°C might remain as the solid, 
but when cooled below that temperature it would quickly 
decompose into the elements. Graphite should float out. 
The practical result is that pig iron reduces its carbon during 
freezing to a value but little above the eutectic concentration. 

We have not yet considered the effect of silicon, but the 
reader may as well be informed here as later that silicon 
lowers the carbon content of the eutectic so that the total 
carbon of pig iron is somewhat related to its silicon content. 

Having now spent so much time showing how carbon 
enters the product of the blast furnace, we should tell the 
reader how all this lengthy discussion applies to the foundry. 

Most cast irons are melted in the cupola, whether they 
are to be cast directly or subjected to a duplexing operation. 
Even Bessemer steel passes first through the cupola. There 
is some interest, and should be more, in the control of the 
carbon content of cupola metal. Let us see why this carbon 
content is not constant or solely dependent on the carbon of 
the charge. 

Carbon Content of Cupola Metal 

By the principles discussed for the blast furnace, steel 
scrap will gain carbon and reach the melting zone at a higher 
carbon content than it had when it entered the cupola. 
How high this carbon content will be will depend largely on 
the ratio of surface area to volume of the scrap used. Pig 
iron will find itself in an environment in the upper zone of 
the cupola suitable for decarburization, but being of low 
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ratio of surface to volume, it will not experience much 
decarburization. It is likely, however, to melt higher up in 
the cupola than steel because its melting point is lower 
(unless the steel has been recarburized to equilibrium), 

Subsefiuently the mixed liquids are enriched by contact 
with coke, especially when accumulated in the hearth or 
well of the cupola. Since the time of contact is less than in 
the blast furnace, and the temperature lower, the recarbur¬ 
ization seldom, if ever, reaches the eutectic concentration. 

All this indicates that a cupola operating largely on pig 
iron will produce a product little lower in carbon than the 
charge, whereas one operating with light steel scrap may 
produce li(iuid metal higher in carbon than the charge. 
The conditions vary further with time of exposure and 
temperature. 

Hot metal held long in tlie cupola hearth will strive toward 
higlier carbons, as will steel held long below the melting 
point in an atmosphere rich in carbon monoxide. 

Since the rate at which coke will burn, whicli depends on 
density and size of lumps, will determine how far above the 
tuyeres melting will occur, tiiis factor also enters into 
determining the carbon content. 

For a given blast pressure, the rate at which the cupola 
will take air depends mainly on the resistance of the charge 
in the stack to air flow. Deep charges and charges that 
pack closely diminish the air intake and hence the melting 


rate at a given pressure. The tuyere area itself exercises 
little influence on the rate of input of air; hence in a given 
cupola fh(‘ velocity of air at the tuyere is inversely propor- 

. ere area. If the blast is to penetrate well into 
the charg(‘, the tuyeres must be reasonably small lest the 
air currents nuMcly ]iercolate up near the cupola walls. 

>liall \v(‘ now \ isualize what happens in the cupola \\dth 
resp(M-l lo heat evolution and chemistrv? 

Much has b(>en written in this field without greatly 
clarifying (he sulij(‘et. A major stumbling block is that 
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none of the reactions proceed to equilibrium. It is a waste 
of time, therefore, to attempt any exact quantitative calcu¬ 
lations, and we had best confine ourselves to a qualitative 
description of principles. 

In intent at least, a cupola while operating does not 
change in temperature at any given level. Therefore, the 
heat evolved by burning in any thin layer is exactly bal¬ 
anced by the heat carried downward in the form of increased 
temperature by metal and unburned fuel that carried 
upward by the increased heat content of the gaseous prod¬ 
ucts of combustion, and that lost through the walls. For 
the sake of illustration, we may confine our thoughts to a 
unit area near the center of a large cupola and so eliminate 
the wall loss from our discussion. 

The several gains and losses of heat, even with this 
simplification, are not predictable. The amount of coke 
burned in unit time and the heat evolved per unit of weight 
depend on the gas composition, on the area of coke-gas inter¬ 
face, and on the temperature. The amount of unburned 
coke passing downward depends on the rate at which coke 
in and below the layer being considered burns. 

The amount of heat passing into the iron depends on the 
surface exposed and on the temperature. The increase in 
the heat content of the gas in passing through the layer is 
that liberated by fuel burning, less that absorbed by descend¬ 
ing fuel and metal, and therefore is related to the iron-coke 
ratio of the charge. The temperature of the layer is the 
integration of all these variables from the tuyere level to 
the level being studied, all the heat changes being multi¬ 
plied by the appropriate specific heats. 

One might set up differential equations expressing all 
those conditions and at best he would be confronted still by 
the uncertainties attending the approach to equilibrium 
made by the gas composition. 

Air is blown into the bottom of the cupola against glowing 
coke. Since it takes time for oxygen to combine with solid 
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carbon, there will he an appreciable distance above the 
tuyeres where free oxygen exists, and in this region the 
products of combustion will approximate those derived 
from the reaction 

2COo = 2CO + O 2 . 

As the temperature rises the reaction goes more and more 
completely to the right. Thus ^nthout any reaction 
between CO 2 and C, the ratio of CO to CO 2 increases, and 
the heat evolved per unit of oxygen used up grows less and 
less. Also as time goes on, that is, as the gas rises in the 
cupola, the free oxygen decreases, requiring more and more 
CO in relation to CO 2 for equilibrium, at a given temperature. 

When the oxygen is exhausted, or nearly so, the gas wiW 
tend toward equilibrium with carbon in the reaction 

CO 2 + C = 2CO. 


Tliis reaction at temperatures near the melting point of 
iron will go practically to the complete formation of CO at 
equilibrium. It is unlikely, however, that the time of con¬ 
tact with carbon will be sufficient to attain this end, and 
statements are made tliat instead of 100% CO only 15% or 
20% CO may be formed in the melting zone. 

Of course the combustion of C by CO 2 as hasbeen described 
absorbs heat instead of liberating it. We have seen in our 
discussion of combustion how the maximum temperature is 
reached before all C’O is burned to CO 2 . Furthermore, the 
maximum temperature is decreased by the transfer of heat 
to tiie melting iron, which depends on the iron-coke ratio 
and the amount of heat the iron has picked up in descending 


to the obsei vational zone. 

As the gases ascend into progressively cooler levels, the 
composition in e(iuilibrium shifts toward the formation of 
( O 2 and soot, and this is facilitated by the catalytic action 
of the iron surface, d'hc reaction is probably faster than 
wlu'ii it proceeds in the ojjposito direction, for it is less 
rolatetl to a time during whieli earbon and gas must remain 
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in contact. The soot, if deposited, descends again toward 
the melting zone and if it encounters CO 2 or free oxygen, is 
reburned. 

It is important to note that, except as affected by changes 
in time of contact of gas and fuel, the rate of input of air 
into a cupola determines the rate at which heat is generated. 
Coke must be fed in at exactly the rate at which it is burned. 
If it is put in too slowly, that is, if it burns away faster than 
it is put in, the level of the coke bed will drop continuously. 
It is impossible to put it in too fast, for there will be no 
room for it. To this extent the cupola is self regulating. 

The rate at which iron is melted depends on the iron-coke 
ratio of the charge. Since the cupola virtually determines 
its own flue-gas composition, a pound of coke will liberate a 
given number of heat units. This will be just sufficient to 
melt and to superheat to a given extent a particular number 
of pounds of iron. If less iron than this is charged per 
pound of coke, a given charge of iron will be delayed in 
reaching the melting zone until the excess amount of coke 
has burned away. Actually, the melting zone will rise 
somewhat under these conditions, owing to the preheating 
action of this excess coke on the charge above, and liquid 
iron will have more time to superheat in flowing to the well. 
If more iron is charged than the coke can melt, solid iron 
will finally reach the cupola well. 

Although the cupola is a very simple-looking object, the 
reader has no doubt realized that its chemistry and ther¬ 
mal engineering are quite complicated. This, no doubt, 
accounts for the violent differences of opinion existing in 
the field of cupola operation. 

In so complex a subject, our conclusions may be clarified 
by certain practical observations. It has been actually 
found by tests on a large-scale operation that the carbon 
content of the charge affects that of the product, but the 
latter is more tmiform than the former. Fast driving of a 
cupola, accompanied by a somewhat lower coke to iron 
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ratio, reduces the carbon content of the cupola product. 
Coke that breaks up fine usually produces a lower carbon, 
perhaps because the increased surface produces a thinner 
melting zone. Coke having a high kindling temperature 
produces high-carbon metal, perhaps b}’’ prolonging the 
time of contact of liquid iron with coke. 

Since the steelmaking reactions were discussed in Chap¬ 
ter 17 as examples of decarburization, we may dismiss the 
melting processes involving deliberate decarburization 

with only a few words. 

% 

Cast irons, and more frequently malleable iron, may be 
melted in reverberatory furnaces charged either with solid 
melting stock or, especially in the latter case, with molten 
cupola metal. 


Chemistry of the Reverberatory Furnace 

were originally hand fired. Coal 
was burned, witli forced draft, using a thick enough bed 
and so little air that the products of combustion resembled 
prodiH'or gas in being rich in CO. Additional air was sup¬ 
plied by a top blast admitted to the furnace just beyond 
where the products of combustion entered the hearth. The 
amount of this top blast was so regulated that the gases 
escaping from the furnace would contain around 1% O 2 , 
perhaps 3'^’; or 4*"; CO, and the remainder of the oxygen as 
COj. Su<*h a composition can be approximately reconciled 
to dissociation of CO 2 , which should yield twice as much 
( O as ()... At present, coal is usually burned in the pul¬ 
verized stale, hut the gas composition is still similar. Inci¬ 
dentally, tests have shown that tlie ratio of hydrogen to 
water vapor arising from the hydrogen and moisture in the 
coal adjusts itself well to the CO-CO 2 ratio found in the gas. 
Indeed, it is probably more accurate to calculate the H2-H3O 
ratio from llu' equilibrium constant of the reaction 

CO 2 + H 2 = CO + H 2 O 
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than to attempt an analysis under operating conditions, in 
view of the small amount of H 2 encountered. 

Gases of this composition are obviously in equilibrium 
with iron oxides of higher order. Especially below about 
700°C, when FeO is unstable, Fe 304 being the lowest oxide 
found, the solid charge suffers considerable surface oxida¬ 
tion. The oxides melt and if they touch a silicious lining, 
they are converted into complexes of FeO, Fe 203 , and Si02. 
Carbon is removed at a rate limited by its migration in the 
solid iron, and since Si and Mn do not diffuse readily, they 
are not much oxidized in the solid. 

When the charge is melted, and especially before the slag 
is removed, all three of these elements are oxidized by 
reaction with FeO transferred to the iron from the slag and 
by Fe 203 , which is insoluble, or unstable, in iron and reacts 
only at the slag surface. After the removal of slag, oxida¬ 
tion proceeds at a rate determined hy the speed with which 
oxidizable elements reach the surface by diffusion or con¬ 
vection. These rates cannot well be measured but they 
are not fast, and except in thin baths, changes in composi¬ 
tion are slow. In open-hearth furnaces the rate of carbon 
elimination is consistent with the idea that it is controlled 
by a migratory phenomenon. 

Decarburization in the Converter 

Decarburization in the Bessemer converter is peculiar in 
that the metal itself comes into intimate contact with 
atmospheric oxygen. It is thus saturated with FeO, 
which oxidizes silicon and manganese, and also the oxygen 
itself reacts directly. 

The reaction constants for 


FeO + C = Fe + CO, 
2FeO -H Si = 2Fe -|- Si02, 

and 

FeO -j- Mn = Fe + MnO 
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are such that at tlie initial converter temperature Si and 
Mn must be reduced to trivial concentrations before an 
FeO content is attained that will permit the oxidation of 
carbon, even from the molten cast iron with which the 
converter is charged. 

Reduction of SiOs by C 

At very high temperatures these reaction constants so 
change that the reaction 

2C + SiO. = Si + CO, 

which goes to the left near tlie melting point of commercial 
irons, changes direction and proceeds to the right at electric 
furnace temperatures, permitting the reduction of Si from 
silicious slags into steel by carbon in electric furnace prac¬ 
tice and also the manufacture of ferrosilicon. 

The reaction 

2C (in liquid iron) + SiOs (excess solid) 

= 2CO (gas) -b Si (liquid iron) 

is of some interest as typical of the preferential oxidation of 
one element or another in liquid iron. 

The reactions 

2C + O, = 2CO 

and 

Si + 0, = SiO. 


have been studied. 

C'alling these reaction constants A', and A'^, respectively, 


it has been found timt 
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Equating the two values of Po, and rearranging, we have 


P^coISi] 

[C]2 




From Equations (1) and (2) 


log Kz = log Ki — log K 2 


20540 

T 


+ 10 . 886 . 



As the absolute temperature T rises, the fraction decreases 
and log Kz and hence Kz increases; hence with rising 
temperature P^coiSij/dC]^ increases. 

For a constant partial pressure of CO, therefore, the 
silicon concentration in equilibrium with a given carbon 
(both dissolved in iron) rises. At room pressure, Pco = 1, 
and that term drops out. If a large excess of C is present 
and the temperature is high enough to melt iron, the 
activity of carbon dissolved in iron is equal to the activity 
of carbon itself, and C can be treated as an excess phase and 
its concentration disregarded, an increase in silicon with 
temperature being indicated under these conditions. 

There is a slight inconsistency in the foregoing discussion, 
for Equation (2) should have been written for liquid Si02, 

not solid, at the temperature at which a furnace lining of 

✓ 

Si 02 begins to melt. 

If no excess of carbon is present, the reaction with oxygen 
in liquid alloys of iron, carbon, and silicon will proceed in 
the direction that will cause approach toward the establish¬ 
ment of the equilibrium conditions represented by Kz, 
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Microstructure of Iron-Carbon Alloys 


T 

M. HE STRUCTURAL CHANGES that occui’ in iron-carbon alloys 
during freezing and further cooling are of predominant 
importance. They are best considered in terms of the iron- 
carbon constitutional diagram, although many of the 
changes require the presence of other alloys for their prac¬ 
tical consummation. 

In the next chapter we shall give some consideration to 
the effect of such alloys on the constitutional diagram. For 
the moment it suffices to point out that an alloy sj^stem 
containing more than two components cannot be repre¬ 
sented in two dimensions, that is, on a flat surface. 

The Iron-Carbon Diagram 

Probably all readers of tins book already have a general 
familiai ity with the iron-carbon diagram. Alany may have 
regarded it as some sort of map, based purely on experi¬ 
ment, on which the areas, as to temperature and composi¬ 
tion, in which various phases are in equilibrium, have been 
marked out. Actuall}' it is much more. The boundaries 
are located where they are as expressions of the solubility 
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relations represented in most general form by the van Laar 
equation, 

= if (t “ t;}’ 

which says that the natural logarithm of the ratio of the 
molar concentrations of a solvent A in two phases, 1 and 2, 
is equal to the latent heat change when pure A passes from 
state 1 to state 2 times the difference of the reciprocals of 
the absolute temperature of observation and of the trans¬ 
formation of pure A. 

We have previously encountered this equation as Equa¬ 
tion (4) in Chapter 7. The change of sign within the 
parentheses is due to the fact that in the earlier chapter the 
latent heat of fusion is the change from state 2 to state 1, 
whereas in Equation (1) of this chapter the change is from 
1 to 2 and therefore involves a reversal of sign. 

The only uncertainties in the application of van Laar^s 
(or Schroeder^s) equation rise out of uncertainties in our 
knowledge of the thermal constants, which change with 
temperature, and of the state of molecular aggregation of 
the constituents in a solution, and possibly of varying 
activity coefficients. 

Need the reader be reminded that in this, as in all other 
binary diagrams, no vertical boundaries exist unless com¬ 
plete insolubility of the corresponding phases is admitted, a 
condition probably sometimes approached? Horizontal 
boundaries separate two two-phased fields having 1 phase 
in common. Two-phased fields are separated from single- 
phased fields by inclined lines, and reading horizontally 
across the diagram, we find that two-phased and single- 
phased fields alternate, the latter phase being common also 
to both two-phased fields that adjoin it. A single-phased 
field can touch a field of two other phases only at a point on 
a horizontal boundary of the two-phased field. All this is 
the result of phase-rule considerations. 
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It happens that the iron-cementite system, though 
metastable, transforms so slowly that there is no difficulty in 
reproducing its constitutional diagram. Under suitable 
conditions, however, the stable iron-graphite state is 
obtained. Since both systems have operating importance, 
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it has become customary to show both on a single diagram 
by solid and dotted lines, respectively. 

Leaving aside the usual transformations as probably 
already familiar, there still remain phenomena (related less 
to structural characteristics than to the distribution and 
form of t he phases) t hat retiuire the foundryman's attention. 

Low-Carbon Steels 

First, we deal briefly with cast steel. In the liquid state 
it is probable that the metal is a solution of cementite, per- 
liaps slightly dissociated, in iron. Any steel below 0.55% 
(’ begins to fr<Mv.(' l>y tlie separation of 6 or bodv-centered 
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iron containing a little carbon, never over 0.08%. These 
crystals are unstable below 1492°C and in steels of over 
0.18% C they change to face-centered iron containing 
0.18% C. As the temperature falls, the carbon content of 
both solid and liquid increases and the amount of liquid 
decreases, until at the solidus presumably there is no liquid 
and the solid has the carbon content of the steel. 

Actually this state of affairs exists during very slow freez¬ 
ing but not when freezing is more rapid. The face-centered 
iron that freezes out appears in dendrites or branches, form¬ 
ing a skeleton of a complete crystal. That first deposited 
is relatively low in carbon. The diagram supposes that 
when richer layers are deposited on their thread-like axes, 
carbon will diffuse inward to equalize the concentration. 
Actually this seldom happens, so that the solid metal has a 
lower average carbon content than that corresponding to 
the solidus line which bounds the field of solid-liquid equilib¬ 
rium on the low carbon side. There is thus at any given 
moment more liquid in proportion to solid than the diagram 
would warrant on the assumption that the relative amounts 
of solid and liquid are proportional to the differences between 
the alloy’s composition and the solid and liquid phases, 
respectively (lever principle). 

The Nonmetallic Phases 

This effect is more pronounced in thin-walled castings 
than in heavy sections or ingots. Any nonmetallic phases, 
liquid or solid, such as the Mn-Fe-S-O complexes discussed 
in Chapter 17, are crowded to the boundaries of the growing 
crystallites, where they finally lodge when freezing is com¬ 
plete. Their pattern, both as to location and form, whether 
films, chains, or isolated spherulites or crystals, is then 
determined for all time and nothing can be done about it. 
In ingot practice they will be subsequently broken up by 
rolling, but in castings they stay put; hence the importance 
of suitable deoxidation practices in the foundry. 
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The freezing grain size is then determined, representing 

the size of dendrites in the steel. On cooling below the A 3 

line, nuclei of body-centered alpha iron again appear, and 

the alloy is converted into ferrite and austenite. The latter 
% 

decreases in amount and increases in carbon concentration 
as the temperature falls until at 723°C it contains about 
0.85C;, C. Below that temperature the austenite areas 
break up into pearlite. 

Purpose of Normalizing 

The structure tlien consists, as in Fig. 20-2, of a rela¬ 
tively coarse Widmanstatten pattern of ferrite and pearlite, 






Medium Carbon Steel, as Cast. 


lOOX; Xital Etch. 


whicli, because of the planes of weakness along the ferrite 
})l;mes, is not particularly desirable. These planes were 
probably cleavage planes in the gamma iron crystals. On 
reh(‘ating into the gamma iron field, the alloy again becomes 
homogmieous but establishes a system of smaller gamma 
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iron crystals having, according to Hawkes, no discernible 
relation to the crystal size on freezing. When this austenite 
is allowed to cool, the ferrite is largely rejected toward the 
boundaries of the new austenite grains, and the final pattern 
consists of pearlite islands randomly dispersed in ferrite, as 
in Fig. 20-3. Be it understood that the heat treatment, 



Fig. 20-3. Medium Carbon Steel, Normalized. lOOX; Nital Etch. 

normalizing, was not intended to alter the final phases 
present but only their distribution. The phase diagram 
does not cover the point at all but does tell us at what tem¬ 
perature to work. 

Freezing of Cast Irons 

The freezing of the gray cast irons is a much more com¬ 
plex and, therefore, very interesting process. It has been 
studied particularly by Boyles, who advanced the following 
conception of the process. The explanation is here reduced 
to a discussion of the iron-carbon system, although the 
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realization of some of the assumptions requires the presence 
of other elements. 

As in the case of all hypoeutectic alloys (less than 4.3% C 
in the absence of other alloying constituents) freezing of 
gray cast irons begins by the building of a dendritic pattern 
of solid austenite forming the skeleton axes of potential 
crystallites. When the temperature has fallen to the 
eutectic melting point, these interlacing brandies fill out 
nearly the whole of tlie volume occupied by the metal, but 
tliere are large voids between the branches comprising still 
liquid metal having at equilibrium a carbon concentration 
of 4.3%. If no graphite forms, that is, if white cast iron 
results, this freezes, breaking up in the process into more 
austenite and cementite. It may well be emphasized at 
this point that the so-called cementite that freezes may not 
have the composition FcaC' but may be of lower carbon 
content. 

Cementite is characterized by a certain arrangement of 
iron atoms in space, carbon iitonis being present inter- 
stitially between them. Usually, and especially at room 
temperature, there arc one-third as many carbon atoms as 
iron atoms, but at higher temperatures either fewer or more 
carbon atoms may exist in the lattice without causing its 


collapse. 

If the cementite is sufTicicntly unstable or the time at 
temperature long enough, the freezing of the eutectic will 
proceetl toward the stable system rather than toward the 
metastablc system. It begins by the separation of graphite 
from austenite (we refrain here from any discussion of the 
possible differences between stable and metastable solu¬ 
tions) at centers of crystallization having no particular 
relation to the pattern of the austenite dendrites. 

^\'hat separates out in freezing is a mixture of graphite 
and austenite. I'rom a graphite aggregate, a flake of that 
material will tend to glow out radially with an austenite 
layer on each side. Actually there will be many flakes in 
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many planes, which, with their adjacent austenite, form 
solid spheroids. 

Inclusions and segregating elements are forced into the 
remaining liquid. 

Of course when grapliite encounters a solidified dendrite 
of austenite, it has to quit growing or divert its path around 
the solid. Graphite grows in planes, or flakes, or scales, or 
whatever one wishes to call them, for two possible reasons. 
First, so long as the edge of a flake makes contact with 
liquid eutectic, carbon can reach there more rapidly than by 
migration through an austenite layer; and second, the linear 
rate of growth of crystals is anisotropic, that is, growth 
along the several crystallographic axes is at different rates. 
This difference accounts for the exterior form of crystals. 
In graphite that crystallizes, if it can, as a hexagonal plate, 
the rate of growth in the plane of the plate, in the three 
directions at right angles to the sides of a hexagon, is much 
faster than in the fourth crystallographic axis at right 
angles to the plane of the hexagon. 

A given flake must cease to grow when its advancing edge 
no longer receives graphite. If the decomposition of 
cementite in the liquid is slow, austenite may freeze around 
the edge of a flake and stop, or nearly so, its growth. 
Crystallization must then start elsewhere, or perhaps the 
metastable eutectic will begin to freeze, making mottled 
cast iron. 

Effect of Sonims on Graphite Formation 

An interesting viewpoint on the freezing of hypoeutectic 
alloys, whether they freeze in the stable or metastable sys¬ 
tem, is due to DeSy. In order that a eutectic may freeze, 
two phases must crystallize at the same time. Supercooling 
might be determined by the rate at which the new phase can 
crystallize. 

Inclusions, which like silica are hexagonal in crystal 
habit and hence similar to graphite, would favor the 
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separation of a graphite-solid solution eutectic, Avhereas 
silicates of ortliorhoinhic habit (rectangular prisms) would 
favor the separation of cementite. By such a mechanism, 
sonims, acting as spores, might determine what system was 
formed on cooling. 



20 1. l)istril)ntion nf (Iraplutc Flakes in Gray Iron. 

11H)\ ; riietclii-ii. 

Morrogh and his associates have found that cerium added 
to low-sul]diur h\ per(nitectoitl irons may cause the graphite 
lo st'i>arat(’ as spherulites, such as those to be discussed 
laltM' and ha\ ing hums similar to those shown in Fig. 20-11. 

If an iron giaphitizi's viuy easily, that is rapidly, from 
muneidus centcas of crystallization, plainly the length of the 
ilak('s will b(‘ >niall by tlie time adja(*ent freezing spheroids 
l^tucli. AUo -low graphitization may make small flakes by 
tlic nu'cliaiii>m of .-caling the ends of the flakes as already 
de.-ciilM'd. riin- tlu' longest tlakes will correspond to some 
iiitci iiu'diale late of graphitization, and the size of flakes 



MICROSTRUCTURE OF IRON-CARBON ALLOYS 159 


will depend on the rate of abstraction of heat, the linear 
crystallization velocity of graphite (which should be rather 
constant as described at the end of Chapter 8), and the 
graphitizability of the alloy, which in turn is determined by 



Fiq. 20-5. Lacy, Eutectic-Like Graphite in Gray Iron. 100 X; 
Unetched. 

the composition of the metal with regard not only to the 
commonly considered elements but perhaps to many others. 


Supercooling and Graphite Form 

Schneidewind and d'Amico related the form of graphite 
to the degree of supercooling, that is, to the temperature at 
which it grows. At or near the eutectic freezing point, the 
normal, rosettelike form called by the Japanese a chrys¬ 
anthemum-like (kekume) structure, forms (Fig. 20-4). At 
a temperature some 50°C below the eutectic melting point, 
the lacy eutectic graphite precipitates (Fig. 20-5). For 
still greater supercooling, the iron will freeze completely 
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white, that is, by the deposition of cementite and austenite 
(Fig. 20-G). The presence of a third element, producing a 
eutectic freezing range, favors the formation of graphite 
from the liquid. 

Graphitization in Solid White Cast Iron 

These white iron castings, when caused to graphitize by 
suitable heat treatment, form the malleable iron of com- 



Fig. 20-(>. White Cast Iron. lOOX; Nitnl Etch. 


rnerce. When such an iron is heated to a temperature of, 
say, 050°C, graphite nodules form at the boundary between 
cementite and austenite (Fig. *20-7). It is quite likely that 
the particular point on the boundary is one to which a 
sulpliide particle or other impurity is rejected. Lately 
there has been some suggestion that the number of nodules 
forming in the range 400®C- ()01F‘'C is greater than if their 
growth i.s started at higher temperatures above A\. 

At siK'h a temperature the double iron-carbon diagram 



MICROSTRUCTURE OF IRON-CARBON ALLOYS 161 


indicates that the solution in equilibrium with cementite is 
richer in carbon than that in equilibrium with graphite. 
Therefore, austenite having the former concentration will 
crystallize carbon out onto a graphite particle and be 
enabled to dissolve cementite. By a repetition of this 
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Fig. 20-7. Appearance of Temper Carbon at Cementite-Austenite 
Grain Boundaries. 30 X ; Light Nital Etch. 


process, an approximately spherical area around each carbon 
nodule becomes robbed of all its cementite, and this spheroid 
grows with time until there is only solid solution and 
graphite. The carbon content of the former is that corre¬ 
sponding to the austenite-graphite equilibrium shown by 
the gamma graphite equilibrium of the diagram, Fig. 20-1. 

One should note that as this process proceeds the elec¬ 
trical resistance first falls to a minimum, when cementite 
has disappeared, and then rises sharply, which suggests 
strongly a difference, in kind, of the solution. Also, the 
X-ray spectrum of the (hot) solid solution in equilibrium 
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with graphite is indicative of an unaltered space lattice of 
gamma iron, whereas that in equilibrium with cementite is 
expanded, as expected, by the substitutional carbon atoms. 
The author is disposed to regard these facts as evidence of 
difference, in kind, of the stable and metastable solution, 
altlioiigh he does not wish to insist on any particular 



I'u;. 20 S. Woll-Formcd Temper Carbon in Malleable Iron (An 
lu'jiled at how Temperature). lOOX; Nital Etch. 


explanation of the kind of difference. He has referred to 
the stable type as boydenite. 

As tlic temperature is lowered, more and more graplute 
is deposited until wc reach Ai. Here there is a narrow 
range of temperature, between Ai stable and metastable, in 
wliich the ecpiilibrium is either cementite-austenite or 
ferrite-graphite; consequently austenite that may form by 
further cooling can lie converted directly to the stable state, 
(Iraphitization here is about ten times as rapid as immedi¬ 
ately above, and one hundred times as rapid as immediately 
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below, this range. If we pass below Ai metastable fast 
enough, pearlitic cementite must be graphitized by a process 
similar to that in the gamma iron range, which is, however, 
very slow, owing to the small concentration gradient between 
ferrite saturated toward graphite and cementite and to the 
limited solubility of carbon in ferrite. The final product is 
malleable iron (Fig. 20-8). 



Fig. 20-9. Temper Carbon in Malleable Iron. 100X ; Unetched. 

The graphite deposited in the solid can be of varied 
shapes. It may be in a cluster of flakes such as shown in 
Fig. 20-9, which grow from a solution containing MnS 
inclusions, or in a much more compact form (Fig. 20-10). 
Where FeS is present, it becomes a spherulite (Fig. 20-11). 
In the former cases, obviously the individual flakes grew in 
rather random directions from a central origin j in the latter 
case, the flakes, though no longer visible, are arranged 
tightly and concentrically parallel to the surface. Most of 
our knowledge in this field is due to the work of Morrogh. 
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Morrogh’s work indicates that the form of graphite 
depends in large measure upon the type of nucleus upon 
which the graphite grows. 

A nucleus of iron sulphide will produce the dense spheru- 
litic form, and one of i\InS will produce the branched, 
sprawl}' form. 



F((j. 20 10. Denso Toinpor Carlxin iit Malloahlo Iron. lOOX; 
Unotoliod. 

It may be that (here is a relation to the crystal lattice 
of the nucleus; FeS is hexagonal, as is graphite, and MnS 
(X'curs in l)otli a cubic and hexagoiml form. 

In the dense spherulite the hexagonal planes of the graph¬ 
ite lattice are at right angles to the radius. 

'riiere is here an interesting lield of speculation as to the 
growth of the spherulite, jircsumably slowly, at right angles 
to tlie hexagonal plane, and the growth of the graphite of 
gray iron and of most blackheart malleable nuclei, appar- 
eatl\' rajudly and in the plane of the hexagonal. Does the 
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crystallography of the inclusion determine the orientation 
of the first layers of atoms and so of the entire structure? 

Reaction Rates during Graphitization of White Cast Iron 

The graphitizing process is an interesting example for the 
study of the kinetics of a reaction taking place in the solid 



Fig. 20-11. Spherulitic Carbon in White Heart Malleable. 100 X; 
Nital Etch. 

state. Reactions in the liquid state proceed too rapidly for 
controlled experimentation. Below Ai the metallographic 
changes proceed in ways that do not lend themselves so far 
to the necessary simplifying assumptions, but the reactions 
in gamma iron are pretty clearly understood. 

There the graphitizing reaction involves three steps— 
solution of cementite, migration of carbon to graphite 
nodules, and growth of graphite—and in addition, at some 
state, dissociation of cementite. As in all processes pro- 
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ceeding by stages, the velocity is determined by that of the 
slowest step. The rates of tliese several processes have 
been dedii(‘e<l by the author and are given here in somewhat 
abbreviated form, covering only the conditions actually 
realized in malleable metallurgy. 



Fio. 20 12. Spherulitic Graphite in Magnesium-Treated Eutectic 
CJray Iron, r)OOX; Nitnl Etch. 

Using a to represent titc per cent of graphite at time t 
and (’ to represent the per cent of carbon originally avail¬ 
able for grapliitization (the total carbon less the carbon 
soluble in ganuue iron), then if (i is less than 0.o236C and if 
the graphitizing rate is conditioned by the rate of solution 
of ceinentite, 

J (2) 


Here is the number of graphite nodules per unit volume 
and (' (he rate of solution of eeinentite per unit area of 
spherical surface of the deeementized zone. 
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If the rate is conditioned by that of graphite precipitation, 


dt 


14.87i)^WW^, 



where the symbols have their previous meanings and D is 
the density of packing (that is, the ratio of the volume of 
graphite in a nodule to the over-all volume of the nodule) 
and a is the linear crystallization velocity of graphite. 

Evidently the two rates are each proportional to 
Which is the slower depends on whether 0.65cC^ is greater 
or less than 14.87D*'^ct. Note that C is to some extent 
affected by total carbon, which influences the fraction of 
spherical surface occupied by cementite. 

Within the range of G that is of practical importance, the 
mechanism of the reaction cannot change. If it is con¬ 
ditioned by solution at one time it cannot be conditioned 
by migration at another. 

If determined by migration, and if G is less than 0.5236C, 

dG _ 32.5SD^^KbN^^ 

dt " - 0.325C^^G^^‘ 

If G is greater than 0.5236C and less than 0.972C, 

dG S9.5CND^^bK 

dt ~ - 0.325C^^) 

|2 cos j^240° -h ^ cos“^^1.13g — 0.112^ j -\- 

If G is greater than 0.972C, 

dG 45.75D'W^^6K(G - 
It ~ - 0.325C^')‘ 

The symbols not previously used are b for mass of carbon 
migrating across unit area in unit time at unit concentration 
gradient and K for the difference between the Acm and Agr 
concentration at the temperature chosen. 
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If the process is determined by dissociation rate, 

f = (/(C - G), (7) 

where g is the fraction of carbon as cementite dissociated in 
unit time. 

From these equations it is possible to determine for 
known constants at what values of C/G the control changes 



Fio. 20-13. Formation ami Agglomeration of Particles on Aging a 
C'oppor-Aliimimim Alloy. Soliematic, after Mcriea via Sisco. 

from one mechanism to the next and by integrating (choos¬ 
ing tlie correct constants of integration), to compute the 
entire complex relation of graphite to time. 

The process always begins by Equation (2) or (3); one 
cannot kinetically distinguisli between them. After a 
relatively short time, during which little graphite forms, 
Equation (4) takes over and the process may continue by 
K(iuation (5) or (6), but at the end Equation (7) always 
takes control. 

The result is an S-shaped curve correlating graphite with 
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time. It begins parallel to the time axis and remains near 
it for a considerable period; then graphite increases about 
as the power of time until it is about half complete, 
when the curve begins to flatten again and approaches com¬ 
pletion infinitely slowly. 

Many of the constants are unknown, but these principles 
will serve to interpret experimental data as to the graphite 
formed in various times. Also it will be plain that such 
constants as dissociation rate, migratory rate, and carbon 
solubility are functions of temperature; hence the relation 
between the preceding differential equations may change 
with temperature. 

The shape of the time-graphite curve (above Ai) can be 
used as evidence for the existence of the sulphide films 
described by Levy. We learned that the beginning of the 
graphitization curve was an expression of either linear 
crystallization velocity or rate of cementite solution. The 
former should not be affected by the presence or absence of 
films; the latter should. 

Many observers have described incubation periods before 
graphitization begins. Actually these probably are the 
intervals during which solution rate determines reaction 
velocity. Since sulphur increases the incubation period, it 
decreases the solution rate of cementite, by coating its 
surface, and the results are consistent with Levy’s. 

The progress of graphitization below Ai, after completion 
at higher temperatures, is less well understood, for it 
depends in a large measure on the metallography estab¬ 
lished during cooling through the critical zone. If no 
bulTs eyes are formed there, an unusual condition, the 
logarithm of combined carbon seems to be a linear function of 
time. Bull’s eyes seem to retard subsequent graphitization. 

The precipitation of solid phases has been considered 
above in relation to a system having an allotropic change 
(alpha-gamma iron). This is by no means essential. For 
example, copper dissolves in aluminum, which shows no 
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phase change, or iii iron within the alpha range, to a 
much higher concentration at higher temperatures than 

at lower. 


A given though limited amount of copper can be kept 
in solution by quenching from an appropriately high 
temperature and can tlien be precipitated by subsequent 
holding at a lower temperature. It is believed that the 
piecipitation pliase in sucl» cases is an intermetallic com¬ 


pound of the elements of the system. 


Diffusion 

The diffusion process by whicli migration takes place in 
solid metal is best explained on the following assumption. 
When a substitutional alloy is heated, some atoms leave the 
surface layer (attaching themselves elsewhere) and rows of 
atoms move forward one atom space, leaving a gap some- 
wiiere within. If this gap comes opposite a stranger atom, 
the latter may be al)le to jump the energy barrier and fill 


the gap. 

The (lifTusion of substances, in general, obeys the same 
laws as tlie diffusion of heat discussed in Cluipter 13 but the 
diffusivity constant equivalent to thermal conductivity may 
vary with tlie concentration of the solution. 

Tlie elTcct of temperature on migrating rate is similar to 
that on reaction velocity (Chapter IS). 


CHAPTER 



Effect of Alloying 


Elements on 


Microstructure of Iron-Carbon Alloys 


In the preceding chapter, things were made simple and 
easy of description by considering only the elements iron 
and carbon. Much remains to be explained that requires 
consideration of other elements. This leads us naturally 
to an exposition of equilibrium in ternary (three-component) 
and more complex alloys. 

All cast irons contain more or less silicon, and this silicon 
is a major item in controlling the formation of graphite. 
In addition, the steels as well as the cast irons contain at 
least manganese, sulphur, and phosphorus. The manganese 
is a contributor to hardenability in steel. Perhaps we can 
dismiss the sulphur as being present as an inert phase, 
though this is not too certain near the melting point. 
Phosphorus in moderate amount in the presence of a reason¬ 
ably high carbon content does form a third phase that 
participates in the equilibrium. Alloys in which either or 
both elements are high will necessitate consideration of the 
existence of phosphorus-bearing solid phases. 
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Fic. 21 I. St<*:i'litc (lrcui-(’:irlHm-I'ii(is(>hurus Complex) in Cast Iron. 
■100X ; Meat Tintoil. 

Equilibriums in Three-Phased Systems 

'I'lic piiiiso rule will point to eei'tain (piite essential ditfev- 
enees hetwecoi binary and more eom])lcx systems. For 
exam|)l(‘, it t('lls us that a two-component system, if single 
pliascMl, has three <l(‘gre(*s of fi'ecdom, of which one remains 
after temperature and ])ressure are arbitrarily chosen. If 
it has I wo phas(xs, t luax* are t wo degrees of freedom, and the 
sysUon is in\ariant at an arbitrarily chosen temperature 
and ])i-essui-('. For three phases, this system is invariant 
at. a cho>en pia'ssure, and for four it is invariant. 

d'his language is p('rhaps a little high flown; the state¬ 
ments [tu'an that a single-jihased, binary alloy can exist 
over a range of composition or temperature that is, agiven 
alloy is single ])hased ov(‘r a range of temperature and a 
wlioh' range of comj)ositions at a predetermined tempera- 
tui’c. If the sysit'm has two phases, however, at a chosen 
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temperature the two phases have specific compositions. A 
phase of a given composition is in equilibrium with, another 
at one temperature only, not subject to arbitrary choice, 
and the second phase must be of a particular composition. 
Three phases are not in equilibrium except at one particular 
and specific temperature, and the composition of these 
phases is not subject to choice. All the foregoing condi¬ 
tions presuppose a selected pressure. There is only one 
temperature, one pressure, and one set of compositions for 
which four phases in equilibrium can exist. 

Having so reviewed the application of the phase rule to 
binary systems, let us turn to the three-component system. 
Obviously, from the phase rule's form, this adds one degree 
of freedom to those of the binary system for the same num¬ 
ber of phases. 

Thus, a single-phased field exists over a range of con¬ 
centrations of each of two components and of temperature. 
Two-phased equilibrium can exist at a given temperature 
over a range of concentrations of one component in either 
phase, but all the other concentrations are then fixed, or if 
we choose two concentrations from among the three com¬ 
ponents of each of the two phases, everything else, tem¬ 
perature included, becomes fixed. 

Three-phased equilibrium still has two degrees of free¬ 
dom, so that at fixed pressure one may choose a tempera¬ 
ture and perhaps have three phases in equilibrium, with 

composition not subject to choice. 

Four-phased equilibrii^m (at chosen pressure, remember) 
is possible only for some one temperature and one set of 
compositions. 

The important difference between binary and ternary 
systems will be shown more clearly if we consider the 
eutectoid or eutectic and assume that in both systems we 
then have three phases (one liquid and two solid at the 
eutectic point). For binary systems, of two components, 
the sole degree of freedom is used up in fixing the pressure, 
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so this equilibrium exists at invariant temperature. In a 
three-component system, we do not have a eutectic freezing 
point, but we liave a range of temperatures over which 
three phases of appropriate composition can be in equilib¬ 
rium. Only if the eutectic breaks up on freezing into three 
solid phases (or if the licpiid consists of two immiscible 
phases, which is unusual) have we a fixed transformation 

point. 


Representation of Three-Phased Equilibriums 


The fact that all the phases participating in equilibrium 
in any one field do not, in general, have a common concen¬ 
tration in any component prevents adecpiate representa¬ 
tion of man 3 '-pha.sed eciuilibriuins on a plane surface, as for 
example by pseudobinary diagrams in which the third 
component is held constant. Such diagrams give tem¬ 
peratures at which the j)hase relationships change but do 
not give the eciuilihrium compositions of the phases at a 
given temperature. The only variable common to all three 
phases is temperature. If it is impracticable to represent 


the phase diagram by a three-dimensional model, then iso¬ 
thermal sections, not psemlobinary sections, should be used. 

Models are difficult to make and carry around and often 
difficult even to see through, but a ternary e(]uilibrium can 
be understood on the basis of a series of set'tions of constant 
temperature, or so-called isothermal planes. In the writer’s 
opinion, these constitute the only permissible way to repre¬ 
sent ternary eiiuilibriums on a flat surface. The isothermal 
lines represent the contour of the space model just as the 
surveyor’s contouis (lines of constant elevation) represent 
the surface of the ground. 


Iron-Carbon-Silicon 

The iron-carbon-silicon svstem has iu'en studied at least 
as much as any other three-component system, and yet 
there is much uncertainty concerning the system involving 
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cementite and substantially no systematic knowledge of the 
stable system. 

In the iron-cementite system, any alloy of over 1.75% C 
finally freezes at 1130°C, the two solid phases formed con- 
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taining 1.75% C and 6.67% C, respectively, according to 
currently accepted diagrams. The third phase is a liquid 
of 4.3% C. 

In a three-component, or ternary, system, a four-phased 
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oquilibriuni is analogous to a three-phased equilibrium in a 

binary system in that at atmospheric pressure it can exist 

% % 

onl\’ at one temperature, IIGO^C in the iron-carbon-silicon 
system. Tins temperature, which was a horizontal line 
extetiding from 1.75'^r C to G.679e ^ 1130°C in the iron- 

carbon alloys, has now become a horizontal four-sided 
figure at 11()0°C’, the corners being at approximately 6.67% 

C’ and zero silicon, a solution in gamma iron containing 
about 8.2';; Si and 0.35% C, and a solution in alpha iron 
of similar carbon content but containing about 11% silicon. 
The fourth, liquid, phase contains about 3.1% C and 3.75% 
Si. These points mark the composition of the four phases 
in c(|uilibrium at this temperature. Only alloys falling 
in this area are capable of four-phased equilibrium, 
and the area includes few, if any, compositions of foundry 
interest. 

In the tlnee-component system this,* howeyer, is not a 
case of a eutectic freezing, for all alloys haying lower silicons 
and somewhat higlier carbons than those of the liquid just 
described haye still lower freezing points. Note also that 
were there a ternary eutectic, the isothermal eutectic plane 
would haye been triangular, with the composition of the 
li(|uid falling within it. 

The ('ommercial alloys, lying in the direction of lower 
cai i)on and silicon tlian found in the quadrilateral described, 
but not loo low in carbon, freeze by the deposition from the 
li(iui(l of eithei' silicocementite or silicoaustenitc. They are 
at least partially litpiid down to 1130°C when the liquid 
contains 4.3', carbon and no silicon. For low enough 
ciirbons and silicons, as in steels, they will, of course, be 
(■(unplelely frozen lic'fore reaching IIGO^C. 

Tli(‘ fiec'zing of the cast irons, however, proceeds along 
f'(|uilibriums b('tween a licpiid and a solid phase just like the 
fre('zing of the Itinary alloys, with the exception that the 
eonec'ntiali'ni of lK>th silicon and carbon in the two phases 
i-(‘(juii(*s ih(‘ use of isothermal sections. 
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Conjugate Compositions 

Assuming, schematically, that the area of the two-phased 
field at some temperature is the trapezoid (four-sided figure 
with two sides parallel) sho\vn in Fig. 21—3, this area should 
be filled by tie lines join¬ 
ing conjugate points on 
the boundary of the liquid 
and solid phases, w^hich 
are in fact in equilibrium 
with one another. 

The van Laar equation 
makes no demands on the 
number or nature of the 
solutes; hence the use of 
straight fines parallel to 
the edges of the base tri¬ 
angle for the composition 
of a solid phase should 
actually be approached moderately well experimentally. 

The phase rule says that for tw'o-phased equilibrium in 
a ternary system there are three degrees of freedom, of 
which we use up tw^'o for fixing a pressure (atmosphere) and 
a temperature (that of the isothermal plane). If, then, w^e 
say that one of the phases shall have a particular concentra¬ 
tion of any of the three components (that is, if we select a 
point on the corresponding boundary of the tw'o-phased 
field of Fig. 21-3), only one point on the opposite boundary 
can have a composition in equilibrium therewith. Some 
theoretical reasoning is possible as to w'hat constitutes con¬ 
jugate composition, but such reasoning has not sufficient 
experimental backing to make its conclusions important 
here. 

In the absence of any exact data as to the effect of one 
solute on the solubility of another, we shall probably not 
go too far astray in assuming that if the two lines marking 
the composition of the two phases are divided into the same 



Fig. 21-3. Schematic Represen¬ 
tation of Two-Phased Equilibrium 
Compositions in a Ternaiy System. 



ITS 


FOUNDRY SCIENCE 


number of equal parts, the points of division will denote 
conjugate compositions. Tie lines cannot intersect because, 
if they did, an alloy of the composition marked by the inter¬ 
section would have two pairs of phases constituting equilib¬ 
rium, and the phase rule has said that only one pair can 
exist. Since every point in the two-phased field must lie on 
a tie lifie, tlie sides of such a field must be straight lines. 

In Fig. 21-3, a few such lines are drawn for illustration 
and without pretext at any real accuracy. One such line 
will pass through the point marking the composition of a 
gi\en alloy freezing in this manner, and its ends mark the 
compositions of the solid and liquid phases that are momen¬ 
tarily in equilibrium. About all that is known as to the 
composition of conjugate points is that for alloys up to, say, 
silicon and between 2.5^^ and 3% carbon, the silicon 
seems to be associated with the cementite; this, if only two- 
phased eciuilibrium is involved, sliould mean tliat the 
austenite is silicon free. This is not easily reconciled with 
any freezing e(iuilil)rium. An error in the chemical 
technitiue adopted when this matter was studied in the 
author’s laboratory is vsuspected. 

The steels freeze either as gamma iron in etiuilibrium with 
li(iuid or, if low enougli in carbon, as delta iron similarly in 
ecjuilibrium and subseciuently converted to gamma iron. 

Silicon and Freezing of Gray Iron 

Hoyle’s discussion of the formation of graphite concerned 
itself larg('ly with events occurring during the freezing of 
the eutectic, which is a constant-temperature or isothermal 
pi()C('ss. [f we remember tlud commercial iron-carbon 
alloys are of compositions that are two phased just before 
freezing, and hence probably have three-pliased equilibrium 
at th(' monu'iit of freezing, we observe at once that this 
o(iuilibrium permits of a variation in temperature. 

In a t liree-component svstem such as iron-carbide-silicon 
which we are here considering, an isothermal section will 
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contain a triangular area within which three-phased equilib¬ 
rium is possible. The composition of the three phases is 
that marked by the three corners of the triangle. These 
three compositions may and probably will change with the 
temperature. The most acceptable data regarding the 
system indicate that at the composition corresponding to 
austenite of maximum carbon content for each silicon con¬ 
tent, three-phased stability is at an invariant temperature. 
For increasing carbon, involving the separation of a carbide, 
the upper and lower limits of temperature within which 
three-phased stability can exist both rise, the former more 
rapidly than the latter. The maximum difference within 
commercial composition is about 20°C to 25°C. 

The composition of the liquid phase in equilibrium with 
two solid phases changes linearly from zero silicon and 4.3% 
C at 1130°C to 3% Si and 3.2% C at 1150°C. 

As the temperature falls, the liquid becomes impoverished 
in silicon and enriched in carbon. One or the other of the 
solid phases must contain the silicon rejected by the liquid. 

It is very doubtful whether the system has been studied 
in enough detail to trace the changes in composition of the 
solid phases with decreasing temperature. Slow diffusion 
in the solid state adds to the experimental difficulties. 

Certainly no one knows the system iron-silicon-graphite 
well enough to say anything about it. It seems plausible 
that the graphite does not contain silicon. It would be 
possible to have, under the phase rule, some temperature 
and pressure at which a five-phased equilibrium solid solu¬ 
tion in gamma iron-carbide-graphite-solid solution in delta 
iron-liquid might be possible. Also at a chosen pressure 
there may be four-phased equilibrium; carbide-graphite- 
liquid-solid solution may exist at some one temperature. 
If such a condition exists it is probably in hypereutectic 
alloys near 1200°C. 

The introduction of equilibrium between carbides and 
graphite is so completely speculative that too much time 
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should not be wasted in its discussion until more experi¬ 
mental data are available. There is no actual evidence 
that any conditions exist in which carbides aie not con¬ 
verted into graphite below the solidus. 

From t he view of the gray iron metallurgist, the important 
practical point is that there is a considerable temperature 
range in which solid and licjuid solutions and caibide can 
coexist, and where, therefore, conditions are favorable to 
the progress of the process he practices. This implies an 
increased time during which graphite can grow and hence 
increased primary yraphUization^ that is, graphitization 
during freezing. 

Many attempts have been made to generalize as to the 
lelative amount of C’ and Si that will produce equal tenden¬ 
cies to form graphite on freezing. One of the most recent 
and apparently best founded is due to Laplanche, who, find¬ 
ing earliei* work by Maurer entirely unreliable, came to the 
conclusion that all irons for which 


Si = 1 - 


30 -b Si 


lias the same value, are likely to produce the same degree of 
graphite formation at tlie same cooling rate. 

Thus if one knows one combination of C and Si that pro¬ 
duces the desired degree of graphitization in a given object 
(that is, at a given cooling rate), all other combinations act¬ 
ing similarly can be calculated. 

The curves are bovst applied as boundaries between cast 
irons whose structure is entirely white, mottled, pearlitic, 
ferritic plus pearlitic, and ferritic. In each case the bound- 
ari(‘s appl>’ only to some particular cooling rate. 

Manganese atoms are much more like iron atoms than 
are silicon atoms. ('onse(iuently, the system Fe-Mn-C for 
the range's of composition in which one is usually interested 
(excluding the Iladlield steels containing some 12^^ 
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can be fairly well considered merely as iron-carbon alloys so 
far as the phase diagram is concerned. 

The Fe-C-P system freezes with a three-phased ternary 
eutectic of austenite, cementite, £lnd a phosphide. 

Considerable space has already been used to describe one 
three-component system, the best known, Fe-C-Si. The 
reader will probably be glad to forego more detailed or more 
extensive discussion of this and other three-component 
equilibriums. 

Multicomponent Systems 

The models representing such diagrams are usually con¬ 
structed, following Gibbs, by representing composition as a 
point in a base having the form of an equilateral triangle. 
Need one remind the reader that the sum of the distances 
from any one point to each of the three sides is the same (the 
altitude of the triangle)? Temperatures are then meas¬ 
ured vertically from this base, and a solid model, in which 
the boundaries of various phase fields are represented by 
surfaces, can be built up. 

The method cannot be applied to quaternary, or four- 
phased, fields, for the base would have to be a tetrahedron 
(three-dimensional figure). To this perpendiculars would 
have to be erected in a fourth dimension, removing the 
resulting four-dimensional model from comprehension by 
our three-dimensional imaginations. Just as we could 
represent isothermal sections of a three-dimensional model 
by triangular planes, we could represent such sections of a 
four-dimensional model by three-dimensional tetrahedrons 
within which the fields of a constant temperature section of 
the quaternary model would be bounded by surfaces. 

The construction of such a series of models is obviously 
more difficult and the result harder to visualize than its 
ternary equivalent. They have been used in slag studies. 

For more than four components, the problem becomes 
entirely incomprehensible, except on the basis of mathe- 
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matical expressions for the boundaries. Few metallurgists 
fin<l it profitable to reduce their observations to this form, 
and hence our knowledge of equilibriums among more than 
three components is meager at best. 

Effect of Alloys on Graphitization in the Solid State 

The effect of additional elements on graphitization has 
been studied most extensively in connection with secondary 
graphifizadon, that is, graphitization in tlie solid state, and 
usually in the gamma iron temperature range. 

Elements retarding such grapliitization are (in approxi¬ 
mate order of potency, beginning with the element of 
greatest effect per unit weight) H, 0, Cr, B (in amounts 
near E ;), Mn, S, Se, Tc, V, Mo, and W. Those favoring 
graphitization are, in similar order, B (in amounts about 
0.002'to O-.V ;), Be, Ti, Al, Zr, Si, Ni, Cu, P, and possibly 
(’o, Au, and Bi. No completely satisfactory explanation of 
tiicir behavior exists. The compound-forming elements S, 
Sc, and Tc arc suspected to combine with iron to form films 
in 01 - al)out the iron carbide, preventing solution and migra¬ 
tion; Mn and the rare earths, as well as Ce, will combine 
with these elements if present in sufficient amount and 
inhibit this effect. Tin, on the other hand, will combine 
with the sulphur, even if Mn is present, and the harmful 
effect will appear, owing to films of tin sulphide. 

Vana<lium forms a completely stable carbide, but the 
carbides of Mn, *Mo, and W graphitizc. White cast irons 
containing 1'; or 2*"; Mn graphitize above Ai, although a 
little more slowly tlian for lower concentrations, but appar¬ 
ently fail to graphitizc below Ai. 

Tt is a plausible assumption that additional elements 
miglil divide between two phases of tlic iron-carbon system 
in accoi'dance with tlic Nernst partition coefficient; that is, 
the ratio of the (molar) concentrations of the impurity in 
t he t wo ])hases would be constant. Silicon and molybdenum 
are apparently present completely in the carbide phase of 
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white cast iron. The concentration of chrome is about five 
times as great in the carbide phase as in the austenite. The 
distribution of Mn and Ni is somewhat complex. 

One must remember, however, that diffusion in the solid 
state may be very slow and that equilibrium conditions may 
never be reached. This is well illustrated by the fact that 
by a suitable technique (combining etching and heat treat¬ 
ing in alkaline sodium picrate at a fairly high temperature) 
the original dendritic white cast iron pattern can be repro¬ 
duced in malleable iron after the long annealing heat treat¬ 
ment. Of course all the etch shows is a difference of 
composition. . 

The mechanism of graphitization acceleration is practi¬ 
cally a sealed book. Elements which, like B and Ti, act in 
microscopic amounts, may work their wonders by altering 
the nodule number. Despite much study, we have no 
systematic explanation of what goes on. Attempts at 
correlating effects with atom size or configuration have 
proved unsatisfactory. Elements in the fourth column of 
the periodic table seem to be likely to be active, and the 
favoring elements often seem to trend toward the two ends 
of the table; but all this may be merely “a tale told by an 
idiot, full of sound and fury, signifying nothing.’’ 

Hardenability of Alloy Steels 

Another effect of alloying elements on reaction velocities 
is found in connection with the rate of transformation of 
gamma to alpha iron. Beginning with the work of Bain 
and Davenport, experiments' have been made by holding 
steel above its A3 point imtil it becomes homogenous and 
then at some lower temperature, below Ai, for various 
times and noting how much time it takes for the trans¬ 
formation to begin and end. Some arbitrary small amount 
of ferrite is taken as the beginning and some similar small 
amount of residual austenite (transformed to martensite by 
quenching) is taken to mark these limits. 
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steels, a diagram such as Fig. 21-4 results, 
frequently designated as S curves. If the 
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steel is hypoeutectoid, the 
diagram becomes more 
complicated because of the 
formation of ferrite be¬ 
tween >4 3 and Ai. The 
curves may take such a 
form as shown in Fig. 21-5. 

The addition of any alloy, 
except perhaps cobalt, to a 
steel displaces such a set of 
curves to the right, that is, 
retards the rate of transfor¬ 
mation and hence renders 
the steel more hardenable. 
A steel will be martensitic 
on quenching if the locus of 


{Schematic). 


its cooling rate passes tot lie left of t he S curve’s nose at about 


±, Imt docs inter¬ 
sect the nose at the mar¬ 
tensite point, usually near 
27")°(\ If we wish com¬ 
plete conversion to mar¬ 
tensite, the time tempera¬ 
ture relation slundtl pass 
to the right of the curve of 
conqilete transformation 
at that temperature. 

For very slowlv trans- 
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forming steels, this may be 
im|)ossii)l(*, and residual 
austenite will remain. 

Th<' (lotted curves of Fig. 21-4 illustrate schematically cool¬ 
ing rates suitable for eomplete hardening and complete 


annealing. 

The cooling rate within an article of anv size is obviously 
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different at different distances below the surface and is 
calculable from the heat-transfer laws. 

Hardenability is measured by the Jominy test, which 
involves measurement of the hardness of a cylindrical 
specimen at various distances from one end when that end 
is quenched under specified conditions. 

The hardenability of a steel is a measure of the cooling 
rate required to suppress the transformation during cooling 
to a given extent. It is expressed as the ideal critical 
diameter^ designated as D/. This is the diameter of a speci¬ 
men, which if its surface is suddenly cooled to some tem¬ 
perature, from the austenitizing temperature, and kept 
there, will in the given steel be half martensite and half 
troostite at the center. Although somewhat cumbersome 
to define, the use of this type of measurement is convenient 
in practice. The physicist might have preferred the more 
elegant but less convenient use of a cooling rate instead of a 
diameter that compels cooling at a given rate. 

The transformation rate is in the first instance a matter of 
carbon content (and grain size) but is largely modified by 
the presence of other elements, hence its inclusion here in a 
discussion of multicomponent alloys. 


Grossmann’s Relation of Coi 


11 


position and Hardenability 


Grossmann*s great contribution was a recognition of the 
quantitative relation between composition and transforma¬ 
tion rate as measured by ideal critical diameter. He found 
the square of the ideal critical diameter {Dj^) to be propor¬ 
tional to the carbon content, the constant of proportionality 
being dependent upon grain size. This relationship is such 
that an increment in grain size by one unit divides the ideal 
critical diameter by 1.082. Grossmann's conclusions with 
regard to the contribution of carbon content and grain size 
to hardenability can be summed up in the expression 


log Di = 1.7705 - 0.034242 + i log C. 


( 1 ) 



186 


FOUNDRY SCIENCE 


Here D, is the ideal critical diameter in inches, S (Greek xi) 
is the ASTYI grain size number, and C is the carbon content 

in per cent. 

Now let us consider the effect of alloys on hardenability, 
tlie principal purpose of the introduction of hardenability 
for transformation rate) in this chapter. Grossmann also 
found that the effect of most alloys was to multiply D; by 
an amount, 1 for no alloy, increasing in direct proportion to 
the amount of alloy present. Boron and vanadium con¬ 
stituted exceptions, as does silicon above some undeter¬ 
mined value somewhat above 0.40. In his original paper, 
“Hardenability Calculated from Chemical Composition,” 
in Volume loO (1942) of the Transactions of the A.I.M.E., 
(lro.‘=^smann gave graphs for reading the values equivalent 
to Eciuation (1) and the multiplying factors. Since we are 
here concerned more with principles and general relations, 
it seems well to translate his empirical observations into 
their algebraic eciuivalents. 

The result of the study is that Dt becomes the product 
of a series of factors. The first is /)/ from Equation (1) 
and t he ot hers, one for each alloy, each have the form, 1 plus 
a factor times the elements concentration. Since the 
logarithm of such a product is the sum of the logarithms of 
the factors, the entire subject, except for the uncertain ele¬ 
ments, can be summed up as: 


log 1). = 1.7705 - 0.03424H + 4 log C + 
log (I + 3.333Mn) + log (1 + 0.375Ni) + 
log (1 + 2.37Cr) + log (1 + 3.25Mo) + 
log (1.75 — log“* 11.8751 — 1.1062Si]). (2) 


'I'lic weird expression for silicon in the last line represents a 
fairly good expression for the nonlinear effect of that ele¬ 
ment. The chemical symbols in Equation (2) represent 
concentration in per cent. Be it carefully remembered 
that these mathematical expressions merely reproduce the 
recorded facts and are not based on any concepts of how an 
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element retards the transformations. The principles are 
by no means understood. Also the equations assume 
that the austenitizing temperature from which the steel is 
hardened is sufficient to completely dissolve any carbides 
of chromium; otherwise the hardenability will be less. 

An interesting and industrially important point is, 
then, an expression of the form of these factors for an alloy; 
with manganese for example, 

1 + 3.333Mn 

implies that a given increment in any element multiplies the 
hardenability by decreasing amounts as the concentration 
increases. For example, the addition of nickel to a 
nickel-free steel multiplies the existing hardenability by 
1 + 0.375/2, or 1.1875. The addition of i% nickel to a 
steel already containing nickel and having, because of 
the absence of some other alloy, the same hardenability 
as the first, multiplies that hardenability by 1.3750/1.1875, 
or less than 1.157. If this is not plain, remember that the 
addition of the first i% nickel to the second steel multiplied 
the previous hardness by 1.1875 (to bring it to the hardness 
of the first steel) and the addition of the second nickel, 
making a total of 1%, multiplied that initial hardness by 
1.3750, all from line 2 of Equation (2). 

As a matter of hardenability, therefore, elements are 
more efficient when used in complex multialloy steels 
than in carbon steels with but one alloying element. The 
cost of securing a given hardenability is another matter. 
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In thk phkckding chapter we may have learned what 
would happen, mctallosraphically, during tlie freezing of 
alloys. The foundrynian’s principal purpose is to have 
metal freeze as a casting of a desired form. Consequently 
he pours his luiuid metal into a mold of appropriate shape. 

This means that we must make a mold of something 
that can be filled accurately with liquid metal and that will 
resist the effects of heat and abrasion incident to tliis 
process. 

Metal Molds 

Die castings and some other permanent mold castings 
are poured into melal molds that are provided with vent 
holes through which the air in the mold can escape as 
(lispla(‘(‘(i by li(iui(l metal. It is by no means necessary 
(hat the metal mold shall have a liigher melting point than 
that of the melal being cast. Steel castings can readily be 
cast in coj)per molds. 

It can be shown tliat if two great slabs having tem- 

p(‘i‘alures 0] and t)*, conductivities k\ and k^, and diffusivities 

hr and hr, respectively, have their faces brought into 

ISS 
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contact, the resulting initial temperature at the surface 6q 
will be 


{K\d\/h\) -j- {K262 h2) 
(k'i/ h\) + (k 2 . /12) 



Remember that diffusivity = k! pc, where k is con¬ 
ductivity, p is density, and c is specific heat. This equation 
will show that in such a case the mold face does not reach 
the melting point of copper. 

Equation (1) involves the assumption that the tempera¬ 
ture of the surface of contact does not change with time. 
This is justified by the stated conditions of very large 
masses and infinitesimally small time. It is quite obvious 
that this condition does not necessarily exist indefinitely, 
for if the specific heats of the two masses were Ci and C 2 , 
respectively, and the masses w'ere equal, plainly at equilib¬ 
rium (temperature throughout 6') we should have 


or 


6 c/ + 6 c/ = 6 iCi + 62 C 2 J 



6iCi -f- ^2^2 
Cl + C 2 



whereas Equation (1) could be rewritten 



xipiCi 6\ K2P2C2 62 

VkiPiCi + V K2P2C2 



The two are not necessarily or even usually identical. 
The conformity w^ould be still worse if the slabs were not 
infinite or if they were of finite thickness, uninsulated on 
the faces. 

The texts on the Schmidt method give constructions 
that are apparently not limited by such conditions but that 
assume at each step the constancy of temperature of the 
interface. Since the solutions may themselves lead to a 
change of temperature at that surface, the construction is 
inconsistent wdthin itself, though it may lead to useful 
approximations. In view of the method^s limitations, it 
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may well be omitted here. The reader who requires the 
information will find it described in Research Bulletin No. 

98 of the Purdue University Engineering Experiment 

Station. 

('oinnu’rc’ial i‘a.stings are almost always piodviced in 
siiiid molds, eitlier green, that is, damp, or dry. 

Sand Molds 

Molding sands for the production of green sand molds 
consist almost invariably of rounded quartz grains that 
have been naturally or synthetically coated with a thin 
layer of plastic clay. Occasionally cereal or starch binders 
are added to strerigthen sand, and rather frequently sea 
coal, wiiich is coal dust crushed to about 200 mesh size, is 

added to produce a smoother surface. 

Dry sand molds are often produced of similar sands, 
usually with cereal binders, and then baked. Cores and 
some molds are made of (luartz sand mixed with drying 
oils, rosin, starches, sugars, and other organic binders 
that, on baking, will hold the sand firmly together. 

Consider tlie basic quartz grains. (Juartz is used as 
being r(‘fractory and cheap. Other refractories, such as 
zirconia and carborundum, have been suggested, despite 
their cost, where greater heat diffiisivity is wanted 
to accelerate freezing. Some disappointment may be 
expected. A granular material conducts in two ways, 
by direct conduction within grains and by radiation from 
grain to grain. At low temperature the former is more 
important; at high temperatures, the latter. 

Heat transfer bv radiation is in no wav related to thermal 

» * 

conductivity but depends on the emissivity of the surface, 
which in the space between grains may trend toward 
unity for all materials. Since the heat transferred by 
radiation is perhaps two-thirds of the total, evidently 
coiulindivity is not a very complete measure of a materials 
(luality for such juirposes. 
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Owing to the contribution made by radiation, the con¬ 
ductivity of a sand decreases as the grain size decreases, 
because the temperature difference between adjacent sand 
layers is less for a given temperature gradient in the sand 
as a whole, and, as already explained, under radiation the 
heat transfer is proportional to the fourth power of the 
temperature of the two bodies between which radiation 
occurs. 

Let their successive layers of sand have the temperatures 
T + 1, T, and T — 1, then the heat transfer per unit area 
between the first and second layers, per unit area, is 

-h 1)^ - T^] = oi{AT^ -h 6T2 -h 4r + 1). 

If the central laj'^er were omitted it would be 

oi[{T -b 1)^ - {T - 1)^] = aS{T^ + T). 

\ 

The second expression is greater than the first if d is large 
compared to 1 (that is, if the temperature is large compared 
to the temperature difference between layers). 

Convection does not play much of a part in heat transfer 
through a dry granular material, but sands containing 
moisture or organic material evolve gases at the tempera¬ 
ture of casting; these hot gases are driven out through the 
spaces between sand grains, imparting heat to them and so 
adding to the apparent diffusivity of the sand by a mecha¬ 
nism again entirely unrelated to the conductivity of the 
sand mineral. The problem of the contribution of the 
flow of steam in a damp sand to the cooling rate of castings 
has only recently been successfully approached by Paschkis 
for the American Foundrymen^s Society, no data having 
so far been published. 

The need for porosity in a molding sand arises altogether 
from the need for disposing of these gases, liberated in the 
sand body, and not at all from the need of permitting air 
to escape as the metal enters. The latter could be readily 
provided for by openings (pop-offs) through the mold. 
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Rounded sands are more porous or open than angular ones 
because, as can be sliown, a closely packed mass of spheres 
contains more voids than an assemblage of any other form 
of solid. Such a close-packed mass of spheres contains 
just under 4S';; of spaces, regardless of the size of the 
spheres. This does not mean that gases will flow equally 
readily through such assemblages, regardless of grain size. 
The ratio of surface of spheres to volume of voids increases 
as the grains are of decreasing size, and the number of 
times the air current has to change direction is in inverse 
proportion to grain size, so that small-grained sands impede 
gas flow more than large grained. The point is that size 
for size, spherical grains of uniform size permit easiest 

flow. 


Permeability and Grain Size 


The mathematics covering the flow of gases through 
•rranular media lias been the subject of study. Because 
sand is usually an assemldage of grains dihering widely in 
size, such studies are of little use in connection with molding 
sands. Also, we have seen that the amount of gas that 
has to flow through the .<an(l depends on the moisture and 
binder content of the sand and therefore is only incidentally 
related to its grain size. Furthermore, the outflowing gas 
is at high temperature near the casting and is near room 
lemperature further away from the casting, so that the 
\olume flowing past a given cross section during a given 
time varies. .\11 this makes the analytical study still more 
comiilicated. A reasonably useful generalization is that 
the rate of flow through any such mass is proportional to 


the S(|uare root of the pressure. 

Fortunately (luite simple means exist for measuring the 
pcnncabilltfj of sand directly by measuring the time required 
for a given volume of air to flow through a given sand body, 
or the \'olume flowing in a given time, in either case under a 
known pressure. This adecpiatcly measures the quality 
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of a given sand, which generally satisfies the foundry man. 
There is seldom any need for computing flow rate through 
a given mold. 

It would be useful to be able to predict what additions, 
in terms of amount and grain size, are required to alter 
the permeability of an existing sand. The problem is 
obviously extremely complicated. 

In dry sands of a single grain size, with constant ram¬ 
ming, the air flowing in unit time, at a given head through a 
column of given size, is approximately directly proportional 
to the diameter of the grain. Mixtures, however, behave 
in a much more complicated fashion, as shown in Fig. 22-1. 

When coarse grains are added to fine, the permeability 
first decreases and then increases to the permeability of the 
coarse size. The development of a minimum is most 
marked, the finer the original sand and the coarser the 
addition. When mixtures of 60 mesh and 40 mesh are 
reached, the development of a minimum disappears. 

The minimum permeability is generally found in the 
general region of 30% coarse sand. When the two grain 
sizes are nearly equal, a maximum of permeability may 
occasionally be encountered. 

When sands are wet, the permeability always increases 
and finally reaches a maximum at around 5% moisture. 
This is maintained over a considerable range of moisture, 
say up to 10% or more, and then the permeability drops 
sharply. The increase in permeability is most marked, 
the finer the sand. For sands coarser than 40 mesh it 
becomes negligible. 

All these phenomena might, with detailed study, perhaps 
be explained by whether smaller grains plug the openings 
between larger or merely wedge the latter apart, by whether 
a large grain can be substituted for many small ones with¬ 
out much interference with the latter’s packing, by the 
swelling of clay when moistened, or by the cohesion or 
sticking together of several small moist grains. 
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The permeability of mixtures of three or more sizes 
becomes exceedingly complicated and incapable of generali¬ 
zation. Direct measurement presents about the only 
approach. 

The relation that the rate of air flow under constant head 
is proportional to the diameter of the grain has some logical 
explanation. Consider a cube in the sand mass having the 
center of a grain at each corner, the grains, assumed 
spherical, touching one another. The volume of the open 
space in this cube is 

8r3 - = 3.81r^ 

The surface of this void is the surface of one sphere, equal 
to 47rr^. The average cross section of the void is 


3.81H 

2r 


(1.9+)r2, 


and the average perimeter of the void is 

Airr^ 


2r 


= 6.28r. 


The ratio of perimeter to area is thus 


1.9r2 

6.28r 


(0.3 + )r, 


The numerical coefficient is not important in the reason¬ 
ing, but we see that the ratio of perimeter to area is pro¬ 
portional to r. We shall see in the next chapter that this 
ratio is often a measure of the resistance to flow, and 
apparently under the conditions of the present experiment 
this was approximately true. 

Clay Bond 

Green sand molds are held together by films of clay 
surrounding the individual grains and coalescing at the 
points where adjacent grains touch. Our systematic 
knowledge of the bonding action of clays is mostly due to 
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Grim, upon wliose ideas the following discussion leans 
heavily. For more detailed treatment Bulletins 357 and 
362 of the University of Illinois may be consulted. 

The bonding clays, as found in nature, are impure repre¬ 
sentatives of four types of mineral .species. The earliest, 
in point of u.se, was kaolinite, .sometimes called China clay, 
which is a constituent of fire clays. Chemically it is 
(OHjvVhiSijOiu, a hydrated silicate of aluminum. 

The next to come into commercial use, and now perhaps 
the most popidar, is montmorillonite or bentonite. Chem¬ 
ically it is tOH).,AbSi,Oo„ nHoO. The western bentonites 
have the A1 partially replaced by Mg, the southern ben¬ 
tonites have Fe and perhaps some Mg replaeing a part of 
the Al. If the replacement is largely by Fe and a consider¬ 
able amount of Al has been replaced, the mineral has a 
different name, nontronite. The montmorillonites con¬ 
taining Mg and little Fe adsorb onto their surfaces con¬ 
siderable amounts of sodium ions, while those containing 
Fe adsorb calcium and sometimes hydrogen ions. These 


adsorbed ions have significance 


with regard to binding 


power and refractories. 

The mineral halloysite has been long known, but its use 
as a binding clay was but recently suggested by Grim, 
'rhere are two kinds of halloysite, ditTering in the ratio of 
hydroxyl groups to o.xygen atoms, ( 0 H)s.-M 4 Si 40 ii) and 
(OIDiiiAliSiiOf,. The latter type loses water easily at 
very moderate temperatures and becomes converted to 
the former. Note that the lower hydrated halloysite has 
the same composition as kaolinite, although their crystal 
lattices are different. The metallurgist would think of 


them as two allotropic forms of the same substance. 

The fourth mineral, also not yet well known in foundries, 
is illinite, whose composition is rather variable and is 
written by Grim as {OII) 4 K„(Al 4 -Fc 4 -Mg 4 ‘Mg 6 )(Sw- 
Al„)Oji,. 'riiough unusual with regard to the occurrence of 
Mg twice, the formula follows Grim correctly. 
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Since the clay minerals are to coat the quartz grains 
uniformly, it is desirable that their ultimate particle size 
be small. Also the presence of foreign matter, especially 
if in larger particles, is a disadvantage. Montmorillonite 
consists of minute flakes, 1 molecule thick if we can use 
that term. They swell and disintegrate readily in water. 
Halloysite is composed of rod or lath-shaped units, quite 
long in one direction as compared to the other two. Illinite 
and kaolinite do not readily break up into small units 
when milled but remain as mixtures of approximately 
equiaxed crystals and flakes. Accordingly, (especially 

kaolinite) they form irregular coatings. 

The mechanism of clay bonding can best be described in 
terms of montmorillonite, which is experimentally best 
suited to the investigation. Each flake of this mineral 
consists of a series of layers of atoms arranged accoiding to 
well-defined patterns. The outer surfaces contain only 
oxygen atoms, constituting the corners of the bases of 
tetrahedrons. A little further in, there is a layer of silicon 
atoms at the centers of gravity of these tetrahedrons. 
Still further in, at the level of the vertices of the tetra¬ 
hedrons, there is a layer of oxygen atoms and of the 
atoms comprising hydroxyl, and in the center a layer 
of aluminum atoms. This sequence is repeated for each 

flake of the parent mineral. 

The layer of clay on the surface of a quartz grain, though 
extremel 5 ’' thin, contains very many such units. Before 
the mechanism of clay bonding is fully developed, some 
1600 flakes make up the thickness of the layer, and a 
maximum of green bond compression increases until the 
layer is four or five thousand flakes thick. In terms of the 
AFA standard molding sand this means that 5% western 
bentonite is needed to establish the mechanism and some 
12 % to 15% to give maximum strength. 

Water can penetrate the layer of clay minerals and will 
be adsorbed on the (oxygen-containing) surfaces of the 
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flakes. This is not mere wetting; the water becomes part 
of the crystal lattice and has the rigidity characteristic of 
crystalline substances. If the water layer is three mole¬ 
cules thick for western bentonite (four for southern), the 
maximum si length of the clay coating is developed, and 
the sand has maximum green strength. If more water is 
added, some is present as an excess of ordinary liquid 
water, and the sand becomes weaker. The addition of 
water lias constantly and considerably increased the bulk 
of the sand and decreased its bulk density, after a given 
ramming. For tlie western bentonite the minimum bulk 
density is reached when the water layers between the 
flakes of clay mineral are four molecules thick. Pre¬ 
sumably additional water is merely held in the interstices 


l)etween grains, adding mass but not volume to the total 
hulk. 

It is said that molding sands work best a little wetter 
than the point of minimum bulk tlensity. Their per¬ 
meability is l)est at that point of course. 

Since tliis is not a monograph on molding sands, space 
can hardly be given to an analysis of the differences in 
behavior of the several clay minerals. The principles are 
alike, though the numerical details would differ. 

The facts may be sufficiently summed up by saying that 
witli \ eiy minor exceptions the maximum green compres¬ 
sion strength attainable with any given amount of clay 
runs in tiie following descending order: southern bentonite, 
w{‘stern bentonite, halloysite, kaolinite, and illinite. The 
maximum greim strengtli with optimum clay coating runs 
similarly: southern bentonite, western bentonite, halloysite, 
illinite, and kaolinite. 


Water penetrates l)ut .slowlv into hallovsite or illinite 
coatings on sand. Hence if tliere is liquid water in these 
coatings wh(‘n tlie sand is rammed, then, on standing, this 
water may penetrate elsewhere in the clav and form the 
films of hard water upon which strength depends. Such 
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sands air-set, that is, become stronger on standing, even 
without loss of water. 

If molds are dried, the clay films, and particularly the 
accumulation of clay where quartz grains touch, harden, 
and the dried mold increases in compression strength. 
Up to a certain point, an increase in moisture increases 
dry compression strength, a result attributed to the 
lubricating effect of liquid water forming the foundation of 
dense and homogeneous masses of clay substance. 

The refractoriness of silica-molding sand is determined 
largely by the refractoriness of the clay. Bentonite is 
relatively unrefractory. Also if free basic oxides are 
present reaction with the silica may produce fusible 
compounds. 

Organic Binders 

The binders used to hold cores together fall into a 

number of classes, as follows: 

(1) Drying oils, notably linseed and tung (China wood) 
which, on heating moderatelj^ dry by adsorbing oxygen and 
becoming converted to leathery films. 

(2) Rosin, which at the temperature of the core oven 
melts to a liquid that collects mainly at the points of con¬ 
tact of sand grains, solidifies on cooling, and sticks them 
together. 

(3) Various solutions of sugars that lose water on drying, 
become stickier and stickier, and finally on cooling stick 

grains together somewhat like rosin. 

It is important to note that while rosin sets only by virtue 
of temperature, as do also the thermosetting plastics, oil 
cores require access of oxygen in order to bake, and the 
syrups require the removal of water vapor from the oven 
atmosphere. 

Roughly speaking, the amount of binder required for a 
given strength depends on the amount of sand surface to 
be coated. Coatings of similar thicknesses on grains of 
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diff6rent sizes give similar results. Since many binders are 
viscous, they must be diluted by kerosene or naphtha to 
permit tliem to spread, and also they spread better oil damp 

sand grains than on dry. 

In view of the enormous surface presented by clay 
particles, these, if present, will hold enormous amounts of 
oil binders without contributing much to the core strength. 

Molds, especially of coarse sand, are often treated with 
facings of graphite or silica flour, tlie former dusted on and 
smoothed with a trowel, the latter often sprayed on, 
suspended in a drier. The purpose is to produce a surface 
whose openings are too small to admit the molten metal. 

Sea coal, though a fine powder, functions by a different 
mechanism. When heated by incoming metal it distills 
hvdrocarbons (ethylene and the like), which maintain 
sufficient gas pressure in the sand pores to keep out the 
iron. An excess of sea coal greatly weakens the sand, 
and the evolution of gas may in such cases produce rifts 
in the sand surface and do more harm tlian good. 



CHAPTER 



Fluid Mechanics of Casting 


Having made a mold, we now come to the most impor¬ 
tant characteristic aspect of the foundryman’s art—also 
that which has so far received the least systematic study. 
This is the process of filling a mold with liquid metal and 
causing it to solidify without internal voids. In the 
language of the shop this is gating and feeding. 

The problem has two entirely distinct but related aspects. 
The first, to be considered in this chapter, relates to the 
properties of liquid metals that determine the conditions 
to be met, and to the laws of flow of liquids commonly 
studied as hydraulics. The second relates to the design of 
runners, gates, feeders, and other equipment calculated to 
produce the most desirable conditions for the purpose. 
This we shall consider in the chapter immediately following. 

The liquid state is not so clearly understood as the 

crystalline state, in which atoms occupy certain regular 

positions in a pattern, characteristic of a given substance, 

or the gaseous state, in which the molecules move about in 

complete disorder. There are interatomic forces in liquids. 

We know that liquids hold together and do not disperse in 

all directions as gases do. They have a given characteristic 
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density at a Riven temperature and pressure; hence they 
liave a specific mean interatomic distance. We leained 

al)Out van dcr W'aals’ forces in Chapter 3. 

In (liscussiiiR e(iuilihriiim during freezing in Chapter 7 
we had to deal witli molecules (whether monatomic or not), 
d'he organic cliemist finds it useful to accept the existence 
of molecules in li(iuid solutions. Ihe chemist lecognizes 
dissociation of molecules in solution. In Chapter 19 was 
mentioned the moot cpiestion of whethei cementite mole¬ 
cules can exist in licpiid iron. 


Viscosity of Liquids 

There ajipears to he some acceptance among the X-ray 
fraternitv that a suhstance in the liquid state still has some 
regularity of structure. Small groups of atoms exist 
having somewhat the atomic arrangement existing in the 
crystalline form, hut this regularity does not extend over 
any considerahle volume. W'ith a few exceptions, sub- 
stamrs are less dense at their freezing points in the liquid 
(li;ui in the .solid state, so that there are voids or holes 
l)et ween atoms of hupiid which other atoms might occupy. 

A gi\'(Mi atom of lupud thus finds itself neai othci 
positions where it would have the same free energy but is 
s('i>aiat(Ml from them hy an energy harrier. It would 
t(‘mi)orarily have to have a greater energy in order to pass 
through siu'h a region. Temporarily the kinetic energy of 
the atom, due to temperature, may onahle it to move 
from place* to place over these harriers. 

I'lider gravitational or other forces there maybe near-by 
poMtioiis, corr(‘s]K)mling to an even lower energy state, to 
which the atom will want to move if it acquires sufficient 
ciieigv to leap the hurellc. The aggregate of such atomic 
mo\ ('nu ni const it ut('s flow, and it is at once evident that 
rate of How under a given force depends on the number of 
atom- that jump in a given time. This number, in turn, 
de|)emU on Ihe chance that an atom will become possessed 
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of enough energy to jump, and this again depends on the 
mean kinetic energy, that is, on temperature. 

The resistance to flow of a liquid is viscosity. It is 
measured by the force required to move a surface in the 
liquid, of unit area and situated at a unit distance from a 
parallel stationary surface, at unit velocity in a direction 
parallel to itself. 

In the cgs system force is measured in dynes, and the 
corresponding unit of viscosity is the poise, named after 
the first syllable of the name Poiseuille, a pioneer investiga¬ 
tor in this field. Need the reader be reminded that the 
force of gravity acting on a gram of mass is 980.665 dynes, 
the number being the acceleration due to gravity in cgs 
units? 

From the discussion of the origin of viscosity it is evident 
that it decreases rapidly with temperature. 

A relation having experimental backing for many 
liquids is 

( 1 ) 

Here the viscosity at T° Kelvin is rjrj and A and b are 
experimental constants specific to a given substance. The 
Greek eta (rj) is the symbol of viscosity. 

Omng to the experimental difficulties, the viscosities of 
liquid metals are not too well known in many cases. There 
is a direct relation between the coefficient of thermal 
expansion of a liquid and the change of viscosity with 

temperature. 

A useful approximation for foundrymen is that the 
viscosity at a derived temperature, calculated by dividing 
the existing Kelvin temperature by the liquidus tem¬ 
perature of the substance, also on the absolute scale, often 
does not differ very greatly for different metals. A few 
values are plotted in Fig. 23-1. 

Surface Tension 

Viscosity is concerned with how fast a liquid will flow 
under a given force. Surface tension is concerned with 
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the size of orifice a liquid can enter. We have already 

encountered this property in Chapter 8. . , , 

If we have a particle of substance in contact with another 

substance, ordinarily the atom very near its surface will 
be attracted either more or less strongly by atoms of like 
kind within the body than by atoms of another kind, or 
of a different degree of disper.sion, in the environment. 



Fio. 23-1. Viscosity-Temperature Relations. 

Radial forces arc thus set up in the particles that affect 
it exactly as thougli it \vere enclosed in a thin elastic 
meinhrane. Anything that increases the area of the 
surface of contact between the two phases absorbs energy, 
or rc(iuires force, for force is energy per unit area. The 
chemist or physicist finds the latter terminology more 
\iseful; the engineer often prefers the former. 

If confusion is to be avoided, the reader must clearly 
bear in mind that tlie surface tension of a given liquid is 
not a distinctive property of the liquid itself but of the 
liquid and its environment. A drop of mercury resting on 
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glass, let us say, has a surface tension at the mercury- 
glass interface and at the mercury-air interface, and there 
is also a surface tension for the glass-air interface. The 
resultant force at the line of contact of the three substances 
is such as to keep the mercury a coherent drop resting on 
the glass and not spreading. 

Substitute gold for glass and the resultant force is such 
as to favor an increase in the area of contact of gold and 
mercury, and the latter spreads out in a thin film and wets 

the gold. 

These phenomena are of interest in considering soldering, 
welding, and the flotation processes of mineral separation. 
When surface tension of a liquid is mentioned without 
further restriction, air is considered to be the other phase. 
Any other gas, or a vacuum, would not materially alter the 

result. 

Surface tension is very sensitive to changes of composi¬ 
tion, cleanliness of surface, and so on. The practical 
effect is that laboratory determinations under carefully 
controlled conditions might have small relation to produc¬ 
tion methods. 

Some generalization of surface tension has been at¬ 
tempted. The best known is the rule of Edtvos-Ramsay 
and Shields. This rule says that 


= k{Tc - 6 - T). (2) 

Here <t is surface tension, V molar volume, Tc the critical 
temperature of the liquid, and T the existing temperature. 
As always, temperatures are on the absolute scale. 

The constant k is found to be nearly the same (2.12) 
for many liquids if <r is in grams per centimeter, V in cubic 
centimeters per gram molecular weight, and temperature 
in Kelvin degrees. The reader who has by this time for¬ 
gotten all about critical temperatures may go back to 
Chapter 2, Equation (3), and renew the subject. 
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d<T 

(IT 




If k could he accepted as a universal constant, the rate of 
chanjrc of surface tension with temperature would furnish 
a measure of molar volume and hence of molecular weight 

of a lic|ui(l metal. 

Li(iuids are known for which k in Equation (2) is ap¬ 
parently much less than 2.12. This is true, foi instance, 
of the low melting metals Zn, Ckl, Sn, Pb, and Bi, for all 
of which k comes out about 1.1 on the assumption of 
monatomic molecules. If tlie elements were triatomic, the 


value of k would come out fairly well. 

As<*i'ibing departures from tlic Ebtvi's-Ramsay and 
Shields rule to such polymerization is, however, not very 


.safe, lacking other means of confirming the existence of 

iicluid molecules or their magnitude. 

From van der Waals’ Etiuation (2), Chapter 2, it would 
appear that the molar volume of a liquid at constant 
])ressure would be of the form 




that is, that the expression relating the volume of a given 
mass of li(iui(l to temperature would involve the cube, 
s(iuare, ami first power of that volume. Since the tem- 
pi'ratuiH' range during wliich metals are liquid in foundry 
practice* is not large, and the coefficient of expansion rather 
small, it is usually customary to consider the coefficient of 
\ olunu‘ (‘Xpansion as constant; in otiier words, the volume 
\aii('s ill pioportion to temperature and the coefficient of 
linear expansion (of a solid) as one-third the volume 
coellieit'iil. 

There is little information available for metals of high 
melting point that is of such precision as to justify any 
inoi'c complicat(‘d i‘X])rcssion. 
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Metals decrease in volume on freezing. In the iron- 
carbon alloys the decrease is about 6%, but during the 
separation of graphite in the eutectic liquid about half of 
this is made up by the amount by which graphite plus solid 
solution exceeds in volume the cenientite from which they 
were formed. A few metals expand. 

The volume change of other metals is not far from three 
times the patternmaker’s shrinkage allowance appropriate 
to these metals when cooling without restraint, for example, 
as thin straight rods. Actually the volume decrease is 
slightly smaller. 

The specific heat of liquid metals is usually considered 
constant. The entire subject of heat content has been 
treated at length as a fundamental field of science in Chapter 
4, and comment has also been made in Chapter 3 on Griinei- 
sen’s relation of electrical conductivity to temperature as 
there shown by Equation (1) and on the relation of specific 
heat to coefficient of expansion. These relations should 
be considered in connection with the Wiedemann-Franz 
Equation (2) in Chapter 13 and the Debye function 
Equation (1) of Chapter 4, respectively. A combination 
of these portions of the text contains about all the general¬ 
ized discussion of the subject that can be given. 

Possibly the reader will be able to approximate data he 
needs from other data by the use of some of these principles. 

Hydraulics 

The flow of water in pipes and channels has been of 
importance to engineers for several centuries. First, 
quite simple relationships were devised and then improved 
by the use of various corrections. To one who, like the 
writer, is not a specialist in the subject of hydraulics, there 
is conveyed an impression that equations are used including 
constants that are not constants at all but are related to 
the condition of the problem as the result of empirical 
direct experiment, somewhat as is the case in some of the 
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heat flow problems with which we have already concerned 
ourselves. 

Practically all these experiments have been made on 
water, and of the remainder nearly all concerned themselves 
with various solutions toil and so on), leaving but an 
infinitesimal field of knowledge about liquid metals, especi¬ 
ally mercury. Under these circumstances there will be no 
profit in struggling for an exhaustive treatment of the flow 
of li(iuid metals, and a discussion based on the older and 
simpler principles may give the foundryman all the informa¬ 
tion he can apply. 

There are two kinds of flow to be considered. One is a 
([iiiet, laminar or striated type in whicli the elements of 
licluid move along approximately parallel paths without 
disturbing each other. The other is the turbulent type 
in which these lines of flow weave in and out among each 
other. The flow lines of laminar flow may be likened to 
the hairs of a violin bow; those of turbulent flo\\, to 

the strands of a rope. 

Aside from turbulence produced by impediment, quiet 
flow goes over into turbulent flow at a certain critical 
value of the Reynolds number, usually represented by R. 
and defined for round channels by the equation 


R. = 


2rcop 


( 4 ) 


Here r is the radius of the pipe, co (Greek omega) the linear 
velocity of flow, p tGreek rho) the density, and 17 (Greek 
eta) the licpiid’s viscosity. Turbulent flow begins at 
Reynolds number near 2000. It is dimensionless and has 
the same \ alue so long as all the constants are derived from 
the sanu* unils of lime, mass, and length. 

Most of I h(' primitive work was developed on the assump¬ 
tion of i\\\\v{ flow, and the laws do not hold for turbulent 
flow, d'he simplest (tf these laws is that in a straight chan¬ 
nel of considerable length the resistance to flow is directly 
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proportional to the length and the wetted pevunetev and 
inversely proportional to the cross section of the stream. 
The wetted perimeter is the length of that portion of the 
circumference of the stream of liquid which is in contact 
with the confining channel. 

The Ch6zy formula states that 

w — k \^RSy (5) 


where w is linear rate of flow, A: is a constant, R is the 
hydraulic radius (that is, twice the cross-sectional area 
divided by the wetted perimeter), and s is the loss of head 
per unit length. The head is the pressure expressed in 
terms of the height of a column of the identical liquid. The 
constant k includes a number of subsidiary constants. 
Obviously R is the radius for circular pipes. 

Written for circular passages running full, the Fanning 
formula for /i, the loss of head due to friction, is 


^ d2g 



Here / is a coefficient of friction depending on the con¬ 
tainer's surface condition, I is the length of the channel, 
d is its diameter, g is the gravitational constant, and co is 
the linear superficial velocity of flow. The expression 
2/d in Equation (6) is the R of Equation (5), and h/l is the 
s of that formula. The 2f/2g of Equation (6) is taken 

care of in k of Equation (5). • • i 

We are still left without knowledge of the empirical 

coefficient of friction /. The value of / is itself a function of co 
via the Reynolds number. 

For turbulent flow the velocity is not constant across 
the entire channel. The relation of / to has a discon¬ 
tinuity around R. = 1000 or R. = 2000, where turbulence 

begins. 

The variation of velocity of turbulent flow across the 
diameter of a circular pipe has been the subject of muc 
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study. In foundry practice tliere will, in general, be but 
little justification for great refinement and but little 
interest in the principles. Although improved methods 
give increased precision, it will suffice in this piesent con¬ 
nection to refer to the Prandtl-Nikuradse eciuation, ^\hich 
correlates the velocity at various distances from the surface 
with the maximum velocity that exists at the center. The 

foiamda states tliat 

- co) = -2.5lnf< (7) 

where is the maximum velocity of flow, co is the velocity 
of flow at distance from the inner surface of a pipe of 
radius r, p is the density of the licpiid, and To is the s heaii ng 
stress at the wall of the tube. The expression Vto/p is 
called the friction velocity'. The number 2.5 is the recipro¬ 
cal of von Karmdn’s universal constant (0.4). 

Wang improved the mathematical treatment and the 
fit of the eciuation by the use of a rather complex mathe¬ 
matical expression which perhaps subtracts from, rather 
than adds to, practical utility for our present purpose. 

E(luation (7) evidently cannot be extrapolated to the 
wall of the pipe (?/ = 0), for then co,,, — a> would be infinite. 
This implies an infinite (at the axis of the pipe) and 
hence infinite values of to at all other distances from the wall 
except 0. The explanation of this fallacy is that in a thin 
layer near the pipe turbulent flow does not exist and the 
eciuations arc inai)plicable. 

The Hagen-Poiseuille law states that for laminar flow* in 
a round tube of radius r ami length I the volume 1 of 
li(piid flowing oul in time t will be 


_ r)rH Ap 
Stj / 



Here A/>, I Ik' change in pressure from one end of the tube to 
tlie other, is in dynes and tj is in poises, the units throughout 
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being in the cgs absolute system. The curve showing the 
distribution of linear velocity against distance from the 
axis is a parabola. 

Viscosity determines the rate at which (small) splierical 
particles will fall (or rise) through a liquid. This rate has 
been used as a means of measuring viscosity, but we shall 
find it useful in its reverse form for considering the velocity. 
Written in the form most convenient for that purpose, the 
velocity of descent (or more often for our purpose ascent, 
corresponding to negative velocities) v, according to 
Stokes’s law, is as follows: 

. . ? - rt. m 

y r} 

Here pi is the density of the sphere, p is the density of the 
liquid through which the sphere moves, and the other letters 
have their familiar meanings. The rate of rise of slag 
particles of radius r in metal can be computed. 

The velocity of flow of liquids through orifices remains 
for consideration. The simplest are thin plate orifices, 
that is, channels having no length. In the simplest case 
the velocity of a liquid flowing from such an orifice is 
that of a particle of the same liquid falling from a height 
equal to that of a column of the same liquid exerting the 

existing pressure at the orifice. 

Liquids contract after flowing out of such an opening, 
and the volume delivered is less than the area of the open¬ 
ing times the velocity calculated by the ^2gh relation. 
The ratio is called the coefficient of efflux of the oi'ifice. 

Other types of orifices (short tubes, bell .shapes, and so 
on) have coefficients appropriate to their form. 

The laws of flow have been considered in greater detail 
than our knowledge of the properties of liquid metals 
merits. This has been done more as a matter of general 
information than as a basis for actual quantitative treat¬ 
ment of foundry problems. Such treatment would involve 
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consideration of the fact tl.at usually the flowing stream is 
constantly evolving heat with accompanj'ing change, 
particularly in v im'l *'><' dependent on it. 

Surface Tension and Penetration 

Surface tension enters into the question of flow of 
liquids by setting: up a liinitinj; pressure below which the 

liquid cannot enter a channel of jj^iven size. 

Surface Tension and Wetting 

If cr,_-. represents tlie suiface tension at the gas-liqmd 
interface, <r ,_3 at the li.iuid-solid interface, and cr, , at 
gas-solid interface, then the surface of a luiuid drop resting 
on a solid surface meets the latter at an angle (p such that 


COS (f> = 


(To_3 “ 1-3 

(ri--2 


( 10 ) 


This contact angle ciui be fairly readily measured. 
Incidentally, if a ,-,2 + ^^ 2-3 is less than tlie liquid 

will flow out to an intinitely thin sheet. 

Whenever the surface tension of a liiiuid a (by implication 

cri -2 of the jncceding tliscussion) is such that 


(T COS <P = o ' 


( 11 ) 


where p is I he intensit y of pressure (force per unit area) 
measured in the same units as tr, and R is the hydraulic 
radius, then the li(iui<l will not move forward. It can 

only advance if pR is greater. 

Insteail of the somewhat complex considerations in 

accordance with wliich the behavior of a molten metal 
can be explained, tlie foundryman contents himself with a 
so-called fluidity test, d'itis consists of a long, slender 
casting, usually in tlie form of a spiral, into which the metal 
to be tested is poured at a constant head. As the metal 
flows along the spiral it becomes more and more viscous 
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and increases in surface tension until presently near the 
freezing point it can advance no futher. The distance it 
has flowed along the channel is then considered a measure of 

fluidity. 

Investigations as yet unpublished have been made by 
Rightmire and others that at least partially correlate the 
length of flow in such an experiment with the thermal and 
mechanical properties of the metal. 


CHAPTER 


Gating and Feeding 



MOLD CONSISTS essentially of the following components: 
(1) a sprue or downgate through which the metal flows 
from the top of the mold to the level at which it enters the 
casting; (2) one or more runners that are horizontal 
passages through which the metal flows to gates or openings 
into the mold cavity proper, which has the shape of the 
desired casting; and (8) a feeder to furnish liquid metal 
to the casting while it freezes. 

The purpose of the whole arrangement is to conduct 
metal at the desired rate into the mold, without admitting 
any slag or particles of mold material, and then to supply 
from tlie feeder the necessary amount of liquid to prevent 
shrinkage voids. 

The otTect of liquid metal on the material comprising 
runners and gates (and sometimes parts of the mold cavity 
near the gates) is ditTerent from that in the mold cavity 
and feeders. In the former parts of the equipment there 
is a continuous stream of metal which keeps on supplying 
heat to tlie walls and also there is sometimes rapid motion 
through the jiassage which tends to erode the walls. In 
the latter parts the metal is usually somewhat static; 
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the mold wall ma.y be exposed to radiant heat before the 
cavity is filled, but thereafter a skin of solid metal forms 
almost instantly, protecting the mold surface from further 
deterioration. 

It is generally desirable, somewhere in the inlet system, 
to provide a constriction so that the metal flows through 
a submerged orifice, there being some depth of metal over 
this orifice on the upstream side. All this acts as a skimmer 
to hold back floating slag and similar material. It is best 
that this constriction be as near the mold cavity itself as 
possible to prevent further pickup of dross, and the gate is 
usuall 3 '^ relied upon for this purpose. 

Gas Pressure in Molds 

While the mold is being filled there exists within it a 
certain pressure, so related to the rate of filling that air 
(or mold gas) flows out through the permeable mold walls 
just fast enough to make room for the entering metal. 
Although a quantitative treatment is impossible, a studj'' 
of what happens in terms of pressures will furnish useful 
guidance. 

The level of metal in the downgate, or sprue, is kept 
constant by the ladle stream. This level is above the level 
of metal in the mold (or above the level of the gate if the 
mold is not yet full to the gate), and there is thus a pressure 
head of liquid metal on the gas content of the mold. If 
we could express the loss of head in the sprue, runner, and 
gate in terms of rate of flow (in units of volume per unit 
time), the sum of these losses of head would exactly equal 
the total head of metal less the head equivalent to the 
amount by which the pressure of the mold gas exceeds that 
of the atmosphere. 

The volume of gas leaving the mold includes not only 
the volume of inflowdng metal but the increment of volume 
due to a rise of temperature and to the vaporization of 
gas-forming mold constituents. Furthermore, the volume 
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of outflowing gas decreases as the gas cools in flowing 
through tlie sand and condenses moisture (with possible 
blocking up of sand voids). An integration of these losses 
of licad, if it could be performed, would be equivalent to 
the pressure in the mold. 

Unless a mold is vented through a pop-off, that is, a 
small riser from the highest point of the mold to the upper 
surface, plainly the faster one attempts to fill a mold, the 
higher a gas pressure will be built up within and the more 
are swells or strains likely to occur. 

The speed at which a mold is to be filled will depend 
upon whether or not it is desirable to have uniformity of 
temperature throughout the mold and riser, initially. In 
order that a riser may function, it must supply metal 
easily to the part of the casting last to freeze. This means 
progressive freezing, beginning at points distant from the 
riser and ailvancing toward it. If the riser is on top of a 
casting and the latter is tilled slowly, the lower parts will 
be relatively cold by the time the riser is filled, thus favor¬ 
ing the efficiency of the feeder. All this assumes that the 
metal enters near the top of the mold. Here slow pouring 
is desired. 

On the other hand, if a casting is poured from the bottom, 
as through a hoin gate, slow pouring forces the entering 
metal, which is hottest, to push its way through a cold 
layer or push the latter ahead of itself. A feeder at the 
top might thei\ be too cold, or cold shuts might be produced 
on the surface. 

Also, since both viscosity and surface tension decrease 
with rising temi)erature, pouring must be fast enough to 
deliver metal io any thin ami distant section without undue 


cooling. 

Many alloys are subject to iuterdendritic shrinkage on 
cold pouiing. A (luickly poured casting often has less 


stei'p tlu'iinal gradients within it during cooling than one 
poured slowly, thus minimizing cooling stresses, to be 
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discussed later. In fact, the elimination of tears or cracks 
implies relatively low gradients of temperature, and the 
elimination of feeding, high gradients. The two are thus 
incompatible to a considerable extent. Practical solutions 
of pouring time are found experimentally, even though a 
rigid mathematical treatment is far beyond our ability. 

Removal of Slag 

If it is desired to use any part of the runner system as a 
means of floating out slag or sand, then the rate of flow in 
that passage will preferably be such as to be equivalent to a 
Reynolds number of, say, less than 1000. Otherwise, as 
discussed in the preceding chapter, turbulent flow will 
occur, keeping the inclusions churned up in the metal. 
Also, the time that a given lot of metal remains in this 
portion of the runner must be such as to permit particles of 
the smallest size that would be harmful to rise from the 
bottom to the top of the passage. The time can be 
computed by Stokes's law, also discussed in the preceding 
chapter. Unfortunately, practical conditions commonly 
involve larger Reynolds numbers and hence less efficient 
separation. 

These considerations will determine the proportions of 
runners. Since the gates are often relied upon to choke the 
flow of metal so as to keep the runners full in the interest of 
skimming of slag, the linear rate of flow in the gates is 
usually the highest anywhere in the system. In principle 
a gate could be treated as a nozzle and submerged after 
the metal rose high enough in the mold. This would 
require a knowledge of the coefficient of efflux for the 
particular form of gate used. In the total absence of such 
data there seems little point in attempting a more detailed 
discussion. 

There is a limiting value to the velocity of flow of metal 
in sand molds that is set by the erosive or washing action 
of the metal stream. First, the sand mold dries and there 
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is a tendency for sand grains to wash off. As more and 
more metal passes through the runner or gate the sand wall 
gets hotter and may, under unfavorable circumstances, 
even begin to melt and be washed away as a liquid. 

The reader will be disappointed, no doubt, in our inability 
to treat quantitatively the design of runners and gates. 
Perhaps it is not a vain hope that someone will read the 
preceding chapter and determine some of the numerous, 
presently unknown, numerical values that would be 
required for the solution of actual problems. 

Proportions of Runners 

One point seems to be almost completely overlooked by 
patternmakers and foundry superintendents. This is 
that the rate of flow, under a given head, through a runner 
depends not only upon the cross-sectional area of the 
runner but also upon the geometric form of that cross 
section arid upon the runner’s length. The quantitative 
relations are discussed in the preceding chapter. 

A frequent occasion where this error is of importance is 
when a symmetrical casting is to be filled from two gates 
connected to a single downgate or sprue by two runners of 
uiKHiual length. The patternmaker is prone to make the 
two runners of the same cross section in the apparent 
belief that then the two gates will take equal amounts of 
metal. Actually the wetted perimeter of the two runners 
should be in inverse proportion to their length. An under¬ 
standing of the (quantitative laws of fluid flow will at least 
help us to solve some such problems. 

Also often overlooked by the “practical” man is the 
fact that a stream of liquid metal behaves like all matter 
and obevs Newton’s laws that a body at rest will continue 
at rest and a bodv in motion will continue to move in a 
straigld line unless acted upon by an external force. 

M('tal flowing in runners usually moves rapidly enough 
to have (in view of its rather high density) so great a 
momentum that it will not turn aside or even downward 
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under relativel^^ slight gravitational forces. Thus it will 
tend to flow past rather than through gates so long as 
there is a passage through which it can move ahead. 
Entering a mold through a gate it will generally pass, 
jetlike, partially or completely across until it encounters 
a wall which deflects it. Thereafter, even when the 
gate is completely submerged, it will set up whirlpool-like 
turbulence. 

The U. S. Naval Research Laboratory has made excel¬ 
lent moving pictures illustrating, though not explaining, 
this phenomenon. 

The question of heat transfer from molten metal to mold 
is complicated even for simple shapes and is virtually 
insoluble by calculation for complex patterns. 

The need for introducing latent heat of fusion into the 
problem and also for considering heat transfer by con¬ 
vection removes the problem even in its simpler embodi¬ 
ments from the possibility of attack by the well-under- 
stood methods. 

Freezing Time 

A simplification was proposed by Chvorinov, who pre¬ 
sented argument and data in substantiation of the hypothe¬ 
sis that the time required for anj^ casting to freeze is 
proportional to the square of the ratio of its volume to its 
area. It has been shown that the freezing time for a 
portion of an infinite slab and for a sphere, of equal areas, 
is not proportional to the square of their volumes. This 
proof rested upon heat-transfer studies made in the elec¬ 
trical analogue of heat conduction by methods available 
only in a few laboratories. In rebuttal to this attack it is 
only fair to say, however, that Chvorinov's hypothesis has 
led to some practically useful results. 

Risers 

The most useful is in the design of feeders or risers. 
Here one is not so much concerned with absolute as with 
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relative freezing times. A casting has attached to it, 
usually at a high point, a reservoir of metal that must be 
so proportioned that some licjuid metal remains in it when 
the casting is frozen solid. Assuming that casting and 
feeder are filled rather quickly, so that the metal in both is 
at the same temperature, freezing begins by the formation 

of a solid shell. 

As the casting and feeder cool further, this established 
shell contracts, but its liquid contents contract still more, 
being initially lighter and hotter than the shell. There is 
thus formed a void whose volume is represented by the 
contraction accompanying the cooling of the liquid center 
and the contraction accompanying the change of state from 


luluid to solid. 

The feeder is so placed and proportioned that it supplies 
enougli li(iuid to the freezing casting to make up for this 
contraction. It is necessary that the feeder be of such 
dimensions that this liquid is available as the casting 
solidifies, and also it is necessary that liquid can pass from 
feetler to casting either by gravity or by suction, as liquid 
is sucked into a pipette. In either case the formation of a 
solid shell around the feeder, sealing the liquid within from 
atmospheric pressure, must be avoided either by keeping 
the surface metal in the feeder open, as by the addition of 
thermite, or by other, mechanical, means. The commonest 
device is a porous core penetrating the solid layer. 

C'overing a fair range of shapes and sizes of castings and 
feeders, (\dne described before the American Foundry- 
men’s Association in 1948 certain, perhaps purely empirical, 
rules for steel, which can be best described in a series of 


equations. 

Let W and be the volume and exposed area of the 
casting and 1/ ami A/ those of the feeder. Then if 



X 


( 1 ) 
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and 


Vr 

2 / = ( 2 ) 

a feeder will just suffice if 

(x — a) (y — b) = c. (3) 

The constant a depends on whether a feeder is artificially 
cooled more or less slowly than the casting. If the feeder 
and casting are initially at the same liquid temperature 
and freeze without outside interference, then a = 1. For 
steel castings in which exothermic compounds are added to 
the feeder it may drop to 0.8 or perhaps lower. 

The constant b represents the change in volume accom¬ 
panying freezing, which Caine believed to be 0.03 for steel. 
The constant c for steel is empirically observed to be of 
the order of 0.10 or 0.12. Perhaps b should include also 
an allowance for fluid contraction, in which case an appro¬ 
priate change in c would also be required. 

Let the reader note carefully that the use of Chvorinov’s 
ratio of area to volume does not depend for its validity on 
the acceptance of that author's conclusion. Equation (3) 
is derived directly from the experiment and is as true as 
the observations are accurate, no matter what one thinks of 
the Chvorinov rule. The observations took the form of 
noting the soundness or unsoundness of a series of castings 
and feeders for which a plot of x versus y was made and a 
line drawn by inspection to separate sound castings from 
shrunk ones. Since there is always some interlacing of 
good and bad at the boundary, there is some imcertainty 
in regard to c. 

There are also some practical restrictions. A feeder can 
be effective only a limited distance along a casting, for 
instance. There may be heat transfer from feeder to 
casting; or feeder may be so placed that flow does not take 
place from feeder to casting. Another restriction is best 
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given as an example. A vertical cylinder of constant 
diameter, which might be regarded as a cylindiical feeder 
on a cylindrical casting, will shrink (neglecting end cooling) 
clear to the bottom. To avoid this the cross section 
of the feeder must be greater than that of the casting, near 

the latter’s junction with the feeder. 

These conclusions say nothing regarding the proportions 
of feeders, but if there is any merit in Chvorinov’s ideas, 
then a feeder should have the least possible area per unit 

volume. 

This suggests spherical feeders witli small mouths, or a 
little less efficiently but more conveniently, a cylindrical 
feeder whose height equals its diameter and which also 
has a small mouth. If the feeder is to open into the casting 
by its full cross section, then a cylinder whose height 
equals its radius is the most efficient form. 

If one of these or some other form is chosen as standard, 
then, so long as all feeders are geometrically similar, it is 
possible to set for Af and 1 / in Equations (1) and (2) their 
values in terms of one dimension, for example the radius, 
and get an equation in terms of the fourth power of r that 
can be solved graphically. 

Note that Caine’s relation is in terms of the exposed 
casting surface, which for fully connected feeders is irr- less 
than the actual area of the casting. An equation of the 
sixtli degree in r results, which can still be solved graphieally. 

Shrinkage Voids 

A good deal has been done regarding the shape and 
position of shrinkage voids but only for very simple shapes 
such as ingots. For a vertical cylindrical casting losing 
lieat only from the curved surface, Feild has derived the 
equation 

log (1 = 0 log .r + log h — '2a log r. (4) 

Here .c is tlie radial co-ordinate, y is the axial or vertical 
co-ordinate of a point on the surface of the shrinkage void. 
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and h and r are the height and radius of the cylinder. The 
coefficient of contraction on freezing is a. 

For a tapered ingot where ri and r 2 are the radii at the 
top and bottom, Feild calculates 


log y = log h + 


2a log (x 'ri) 
sin 6 



ar2 _^ 

2.3ri 2.3' 

Here tan 6 = h/(r 2 — ri). 

Note that the only change in Equation (5) produced 
according to whether ri and r 2 is the greater is in the sign 
of the second and third terms. 

Equation (4) requires that x becomes zero only when 

y = Oj that is, when the shrinkage extends to the bottom of 
the ingot. 

Equation (5), if 7*2 is less than ri, produces a shrinkage 
cavity whose bottom (at the center) is horizontal and at a 
finite distance above the bottom of the mold, the exact 
values depending on the ingot dimensions. 

How deeply a shrink will be buried in a casting depends 
m any given pattern mainly on the degree of superheat of 
the metal. A void begins to form, of course, at the top of 
the still fluid metal when the mean rate of contraction of 
the liquid center becomes greater than that of the solid 
shell. This is largely a matter of temperature gradient, 
which in turn is related to the temperature of the liquid 
when it first filled the mold. Very cold pouring buries 
the shrink deeply; hot pouring may even produce a settle 
or external depression instead of an internal shrink. 


ChiUs 

Another method of promoting directional solidification 
IS by the use of chills. These are pieces of metal, usually 
steel or cast iron, placed in the mold in locations where 
quicker coohng of the casting is desired. 
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In principle the transfer of heat from molten metal to 
tlic chill follows the rules of heat transfer already dis¬ 
cussed in various places in this volume. Correct prediction 
of the functioning of chills is made difficult by the need for 
considering latent heat of fusion and the fact that, as in all 
other freezing problems, the cooling metal consists of an 
outer solid layer and an inner lifpiid layer. 

Furthermore, it is known, and has been illustrated by 
Paschkis, that a casting freezing against a chill separates 
therefrom (piite early, leaving an intervening air space that 
practically limits heat transfer from casting to chill to 
radiation and introduces a complexity due to the limitation 
of heat transfer at the surface of contact. 


The purpose of a dull is to remove a given amount of 
heat, in a given time, from a given surface. How fast 
lieat can be transferred depends on the diffusivities of the 
cooling and heating substances ami on the resistance to 
heat flow across the surface of contact, besides of course, 
on the dimensions. 


How much heat a given chill can absorb depends on its 
mass and the permissible temperature rise. Since heat 
transfer under the conditions where a chill functions is in 
the unsteady state, there will be a temperature gradient in 
the chill perjiendicular to the mold surface, this gradient 
depends, of course, on the surface temperature and on the 
thickness ami dilTusivity of the chill ami determines the 
rate at which the chill absorbs heat. For a given chill 
and rate of heat input, temperature gradients for different 
times can be deduced, or if we have ground for knowing 
the surface temperature, such curves can be drawn. 

Usually any such calculations amount to little more than 
systematic guesses because of the number of variables whose 


magnitudes have to be estimated. 

It can be shown, however, that there is some thickness 
of chill whose back surface will liave risen a negligible 
amount when the casting was frozen. This has been called 
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by some an adequate chill because increasing its thickness 
would not increase its chilling effect. The other limit is a 
very thin chill that acts much as a slab with an insulated 
rear face and reaches a nearly uniform temperature, about 
equal to the surface temperature of the casting when it is 
frozen. Such chills are highly inefficient from the view¬ 
point of rate of heat removal. 

What is no more than a crude first approximation as to 
chill behavior can be set up as follows. The surface of any 
but the thickest casting is not likely to be very far below 
the melting point of the metal until all is frozen. It can 
then be taken at some arbitrarily estimated lower value. 
The chill’s surface temperature can then be guessed at as 
some lower amount. 

From the estimated surface temperatures of the chill 
the rate of heat absorption per unit area for an adequate 
chill can be calculated, assuming an infinite thickness of 
chill. This rate, of course, decreases with time. The 
difference in temperature between casting surface and chill 
surface can be checked to see if by radiation the requisite 
rate of transfer is possible by the Stefan-Boltzmann 
law. If not, a better guess as to temperature difference 
can be made. 

Plotting rate of heat transfer against time and taking 
the area under this curve from time zero to any desired t 
gives the total heat absorbed. The time required for the 
total heat absorbed to equal the enthalpy change of the 
casting from its pouring temperature to the assumed 
constant surface temperature is an approximation of the 
time required for the casting to freeze under the influence 
of the chill alone. 

Inspection of the temperature gradients in an adequate 
chill will show that the final mean temperature rise is but a 
small fraction, 10% or 20%, of the temperature rise of the 
surface. 

When using chills it is of course necessary that their sur- 
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faces never reach the melting point or they will weld on. 
Internal chills, on the other hand, are small metal objects, 
nails for example, set so as to project into the mold cavity. 
They withdraw heat from their surroundings by heating 
from room temperature to above their melting point, at 
least at the surface. The latter is necessary to secure 
welding into place and desirable in order to use up heat. 

Residual Stresses 

If we are to feed castings at all we must have temperature 
gradients. Parts of the casting distant from the feeder 
must solidify first and so on in order toward the feeder. 
Con.scciiiently when all is solid the metal is at different 
temperatures at dilTerent localities. Ihe finished casting 
is at room temperature so that some parts of the casting 
have contracted more than others after solidification has 

been completed. 

Either there are residual elastic stresses or there has 
been plastic deformation at high temperatuie, permitting 
an equalization of dimension. In addition there may have 
been constraint on shrinkage by the mold structure. It 
is desirable to permit stress relief, actually strain relief, 
during cooling, by allowing time for an equalization of 
temperature throughout the casting at the lo^^est tem¬ 
perature where such relief is practicable. In the iron 

alloys this may be near 500°C. 

It is a general principle that if a metal specimen is 
stretched at a temperature above the recrystallization 
temperature, that is, without the possibility of work 
hardening, tiien instead of there being a single stress- 
strain curve, or a uniciue value of load for a given elonga¬ 
tion (stress to strain), there arc as many such curves as 
there arc rates of stretch, the load for a given strain increas¬ 
ing as the rate of stretch increases. 

This ]>rinciple is of great importance in a consideration 
of cracking oi- hot tearing. It means that while the 
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strength of metal at a given temperature may have a 
specific value, as it probably does, the amount of stretch 
the specimen can undergo, without exceeding its strength, 
depends on the rate of stretch. The net effect is that metal 
at a given temperature will withstand a specific rate of 
siretchj not amount of stretch. 

Now if two connected parts of a casting that restrain 
each other cool at unequal rates, the slower-cooling (and 
therefore hotter) section will be stretched at a rate pro¬ 
portional to the difference in cooling rate. This assumes a 
constant coefficient of thermal expansion. A correction 
is necessary if this simplification is not admissible. 

The rate of stretch so produced mB,y readily be the 
equivalent of the stress required for fracture within the 
limit of time, and therefore of stretch corresponding to 
the temperature conditions. 

Although no investigator has given us experimental 
data for use in an equation, this consideration makes it 
quite plain that the time-temperature gradients in dif¬ 
ferent mutually restraining parts of a casting must not 
differ by more than certain specific amounts or the casting 
will tear. The discussion could be made intolerably com¬ 
plicated if complex systems of stress were introduced. 
As in so many places in this book, and especially in this 
chapter, one can point to principles and discuss in words 
the general character of what will occur, but is able to deal 
quantitatively at best with simple problems and at worst 
with none. The foundry engineer of the future must 
supply the present gaps in our knowledge. 

Let the reader carefully note that to promote soundness 
of casting, involving progressive freezing, large temperature 
gradients are an advantage, but to avoid tears, cracks, 
and residual stresses, temperature gradients should be 
minimized. Such contradictions as these are the cause of 
the foundryman's worries, requiring the most careful 

compromises. 
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Residual stresses arise out of inequalities of temperature 
that exist when the casting has reached a temperature so 
low that plastic deformation can no longer go on. 

If a rod of unit length is cooled from temperature 6 
(above room temperature) to room temperature, it will 
contract by ad when a is the coefficient of thermal expan¬ 
sion. If the contraction is prevented from taking place, 
the stress situation is the same as though a rod were 
stretched, within the same temperature range, by a$. We 
assume throughout that we are working below the recrystal¬ 
lization temperature. 

For stresses below the elastic limit the elongation of a 
unit length is S/E, E being Young’s modulus of elasticity, 
and we may write 

= aS, (6) 

E 

Near room temperature E for iron alloys might be taken 
as about 29,000,000 lb. The coefficient of thermal expan¬ 
sion of steel is of the order of 12 X 10“® (per °C). Then 

S = 12 X 2d X e ^ 348^, (7) 

if S is in psi and 0 in centigrade degrees. 

If the elastic limit of a steel may he taken as approximat¬ 
ing the yield point, which for a 0,30plain carbon steel 
might be around 40,000 psi, not allowing for the deleterious 
effect of the as-cast structure, then 40,000 = 3480 or 

6 = 115^C (above room temperature) = about 140°C. 

At this temperature the assumptions as to E, a, and yield 
point are probably not too bad. The calculation will show 
how enormous the stresses are which can be set up by such 
restraints. If we set S as 100,000 psi, Equation (7) would 
no longer be applicable, for we would be in the plastic flow 
range. 

Assuming that a steel of that tensile strength had an 
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elongation of 24%, an assumption which may or may not be 
right, depending on composition, then 

12 X lO-^e = 0.24 

l9 = 2 X 10^ 

Evidently 0 is far above any possible temperature at which 
recrystallization might cease; it is even far above the 
melting point. None of the assumptions have merit any 
longer, but the calculation shows that such a metal must 
flow plastically, given time, to adapt itself to anything that 
can be imagined. Actually steel castings contract only 
about 2% from the freezing point to the solid state. For 
steel we may set, roughly, 

6 = 500°C (above room temperature) 
as a maximum if recrystallization is not to occur; then 

ae = 12 X 10-® X 500 
= 0.006 = 0.6%), 

which is somewhere near the maximum value of the 
strain that can be required of steel under the postulated 
conditions. 

The stresses that can be set up in complex castings under 
complex cooling conditions are enormously difficult to 
predict qualitatively since stress-strain curves for a given 
material vary with temperature and at elevated tempera¬ 
ture with strain rate. It is easy to imagine shapes in 
which plastic deformation is prevented by the existence of 
restraint in several directions at a point, in which case 
stress-strain curves appropriate to the prevention of flow 
would be required, which is something else again. 

We have come perilously near having to consider the 
applied mechanics of plasticity, a subject whose complexity 
is too great and whose application to the foundry is too 
slight to justify the space that would be required for a 
reasonably complete exposition. 
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Centrifugal Casting 

This chapter may be concluded with a very brief allusion 
to the effects of centrifugal casting. In the main, the only 
effect is to drive metal more positively into what would 
othei'wise be shrinkage voids, since centrifugal forces 
greater tlian gravity arc easily attainable. The casting may 
be rendered denser but not the meialj which still consists 
of the same elements arranged in the same lattice. 

There may be an effect on grain size and on segregation. 
If a metal develops centers of crystallization throughout, 
these solid particles are heavier than the liquid and of 
lower alloy content; accordingly they are driven outward 
in tlie spinning mass. Crystallites may even be torn from 
the inner surface and serve as nuclei in their passage out¬ 
ward. Thus the outer surface will contain less alloy and 
will be a mass of fine grains like a snowdrift, while the inner 
metal will be enriched in alloy, being deprived of the dilut¬ 
ing effect of the crystallites driven to the surface. The 
inner metal will have but few crystallization centers and 
will, therefore, be coarse grained as frozen. 

Now a few words as to the forces set up in centrifugal 
casting. 

It is a matter of simple mechanics that a particle of 
mass m, rotating with an angular velocity co fin radians per 
second) at distance r from the axis, e.xerts an outward 
force 

/ = mo)~r. (S) 


Consider now a particle in the free inside surface of a liquid 
whirling in a cylindrical container that rotates about its 
own vertical axis. 

The particle is acted upon by a horizontal centrifugal 
force, 

Jc = 


and by the vertical force of gravitation, 
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Remember that the weight of a body, that is, the force 
with \vhich it and the earth attract each other, is the 
product of its mass by the gravitational constant. 

We wish to know the direction, with respect to the 
horizontal, of the resultant of the two forces, an angle we 
shall call <l>. Plainly 


tan = 


mg 

TWCoV 


9 

coV 



The direction is independent of the mass of the particle. 
Since a liquid surface must be at right angles to the forces 
acting on it, because it cannot resist shear, </> is also the 
angle the surface makes with the vertical. 

Now if r and h represent the horizontal and vertical 
co-ordinates of a point in the surface of the liquid measured 
with reference to an appropriate origin situated in the axis 
of relation, then 


dr 

dh 


= tan (f) = 


9 





and 





+ /, 




h + /, 



where / is a constant of integration that determines the 
value of h when r = 0. 

The liquid surface is thus a parabola with a vertical axis. 
It grows steeper and steeper the greater the value of r or 
of O). 

Consider next the outward pressure of a cylindrical mass 
of liquid spinning on its axis. Since liquids transmit 
pressure equally in all directions, the shape of the radial 
cross section is immaterial. We treat of a w^edge-shaped 
piece of the spinning liquid like a thin cut of pie whose area 
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at the base, or outer surface, is unity. Again because of 
the equality of pressure in all directions the shape of this 
element at right angles to the axis does not enter the 
problem. 

A thin cross section of this element, at right angles to 
the radius, of a thickness dr has a mass pdr, where p is 
the liquid’s density. From Equation (8), the centrifugal 
force it exerts when spinning at radius r with an angular 
velocity co (in radians per unit time) is then pco^Ardr. 
Since pressure is the ratio of force to area, the increment of 
pressure exerted by this thin element is 

dp — pco-rdr, (12) 


If the internal diameter of the spinning mass is i?i, then 
the pressure at radius (which may if desired be the 
external radius) is 






It can readily be seen that these pressures can become quite 
large, necessitating substantial mold construction. Also 
such internal pressure, acting on a hot frozen shell of metal, 
may deform it plastically considerably, producing castings 
of larger radial dimension than woidd a motionless mold of 
the same size and construction. 

If any hydrostatic pressure exists, caused by feeder 
height, it is to be added to the above. It constitutes the 
constant of integration which was omitted from Equation 
(13) and which the mathematical reader will have missed. 

Centrifugal casting, spinning on a vertical axis, has limits 
as to the axial length that can be cast, because of the 
mechanical inconvenience of keeping a high cylinder 
stead}'. If it is planned to have an exposed inner surface 
of the liquid, the parabolic shape of that surface may also 
be objectionable. Pipe, gun barrels, and the like are cast 
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while rotating about an essentially horizontal axis. This 
introduces a complexity that is but seldom recognized. 

If a horizontal cylinder, partly filled with liquid, is 
rotated slowly on its axis, the liquid will merely stay put 
with a practically horizontal surface and the shell will 
rotate around it. The cylindrical mixers and ladles of the 
steel industry are examples. At slightly higher speeds, as 
in Brackelsberg furnaces, the liquid may be carried in the 
direction of rotation and may assume a surface inclined 
to the horizontal. Let us consider what is necessary in 
order that the liquid may be thrown to the upper surface. 

Any particle of mass m in the surface of a liquid, spinning 
with its container and held against the upper surface by 
centrifugal force, is acted on by two forces. The centrif¬ 
ugal force is as in Equation (8), fc = wcoV, and acts 
radially with respect to the axis of rotation. The force of 
gravity is /c = mg and acts vertically downw^ard. If 
the particle is to be held up at all when it reaches the top, 
it must be that 

fc ^ Ioi 

rrua^r > mg^ 

and 

> gj (14) 


which sets a minimum limit to oj and/or r for the process to 
work at all. 

Consider the particle to be situated at an angle </> from 
the vertical, measuring from the top. The centrifugal 
force then acts at angle <!> from the vertical and has vertical 
or horizontal components. Then 


and 


/c, = wcoV cos (f>, 


= mo)^r sin <t>* 


In this connection a vertical force is positive when acting 
upward, since cos <j> is positive if <j> < 90 . 
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The net vertical force acting on the particle is 

/c. = /ff = mo)^r cos <t> - mg, (15) 


and the angle that the resultant of this vertical force and 
the gravitational attraction makes with the vertical is 
given by 

mcj^r sin <j> 


tan 6 = 


7«co^r cos (t> — mg 

sin <j> 

■ • 

coV cos <t> — g 


(16) 


The liquid surface is at right angles to this direction. 
Changing now the meaning of 0 to indicate the angle that 
the liquid makes with the vertical at a point 0 away from 
the vertical, then 


tan 6 = 


o>^r cos <t> — g 
sin <t> 


= cot </> — 


(J 

co-r sin <l> 



If y and x are the vertical and horizontal co-ordinates of a 
point in the surface, this becomes 


_ ^ ^ 2 / _ g 

dy X w-x sin <f> 

= -(2/--^^)- ( 18 ) 

xy co-sm<|>/ 

The negative sign of dy dx originates from a change in the 
direction of rotation corresponding to a positive angle. 

The free surface is a cylinder, not concentric with the 
axis of rotation. A simple means of determining this 
excentricity (whose value could also be derived from the 
preceding equation) is the following consideration. 

If R\ and Ro are the radii from the center of rotation to 
the surface at the top and bottom of the free surface, 
equating the pressures on unit area at the two positions 
and canceling out mass as a common factor gives 

o)'Ri ~ g = o>-R2 + gt 
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whence 

R,-R, = (19) 

and the center of the free surface is one-half this value or 
g/o)^ above the center of rotation. 

As the cylinder turns, evidently the inner portion at the 
bottom flows backward, and this amount of liquid either 
adheres to the surface a little at a time as freezing takes 
place or is churned up into a loose mass of crystallites on 
freezing. 

It wdll be desirable to minimize the thickness of this 
layer by increasing o). Its value is independent of R. 

An important aspect of centrifugal casting too often 
overlooked by practitioners of that art is the assumption 
that a liquid mass rotates as rapidly as the container. If 
the liquid w'^ere ideal in being unable to resist shear, that is, 
if its viscosity were zero, it would never begin to spin. 
It does so only by virtue of its viscosity. Any study of 
the velocity of a particle in a spinning liquid as a function 
of the radius of its path and of the time since it was put 
into the spinning container, or since the latter began to 
rotate, would be of considerable complexity and would 
have a relation to the form of the liquid mass. 

A simple case is the acceleration of a thin, hollow cylinder 
of liquid whose thickness is small compared to its radius. 

An analogous equation for the force required to turn a 
journal on a stationary bearing is 

P (20) 

where P is the force, S the (cylindrical) area of the bearing, 
Tj the viscosity, V the linear velocity of the turning journal, 
and 6 the thickness of the oil film. Our problem is the 
same except that there is nothing but inertia to keep the 
hollow cylinder from turning, and it will accelerate under 
the well-known relation of force to mass and acceleration 
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(/ = ma). Velocity is then no longer a constant but is 
Vo — that is, the initial velocity minus the product of 
acceleration and time of spinning. Conversely the velocity 
of the oil ring is at = x. 

We can then say, for unit axial length of the ring, 


or 



= hSpa^ 




dx 

di 


Integrating and remembering that x = 0 when i = 0, we 
have 

In (21) 

It follows that the speed of the ring approaches that of the 
spinning container logarithmically with time, and for a 
given degree of equalization of speed the time decreases as 
the viscosity increases and increases as the density of the 
liquid or the square of its densit}^ increases. The velocities 
are linear tangential velocity' and equal to cor. 

The calculation assumes that the ring is so thin that its 
velocity is uniform. In thicker bodies the acceleration in 
the foregoing formula is the mean acceleration of the ring, 
which is a function of radius. The recognition of this 
variable increases the complexity of the problem without 
great benefit in the present connection. 



CHAPTER 



Distribution of Flame in Furnaces 


11 ow "WE COME BACK to a subject that the reader may 
think should have been treated in Chapter 13 when the 
heating of objects in furnaces was discussed. It seemed 
better, however, to leave it until some of the laws of fluid 
mechanics had been taken up, for the flow of hot gases in a 
furnace involves the same principles as the flow of liquids 
in a channel. 

Liquids flow in open channels, enclosed at the sides and 
bottom and in contact at their upper surfaces with the 
lighter fluid, air, with which they do not mix except for 
the slight transfer of liquid to air because of vapor pressure. 

Flow of Hot Gases 

Hot gases flow between the sides and under the roof of 
furnaces and in contact mth the heavier and colder air 
in which the furnace is immersed, under precisely the same 
laws. 

The subject was discussed, in Russian, at least forty years 
by Groume-Grjimailo, and in an English translation 
Flow of Gases in Furnaces (John Wiley & Sons, 1923), 
but has not since been given the emphasis it deserves. 

237 
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Just as a liquid flows by virtue of a head exerting pressure 
because the liquid is heavier than the surrounding air, so 
with the light fluid flowing over a heavier one there is a 
head driving the stream of fluid along because of the 
difference in density between a column of heavy and light 
(cold and hot) gavS. 

Consider as the simplest example a chimney of height h 
in which the (absolute) temperature is Ti while the tem¬ 
perature of the surrounding air is T^. Consider for 
simplicity that the gas inside and outside the chimney is 
the same, and that is its density at temperature To- 

The density of hot gas in the chimney will be T 2 T\ p 2 , 
since density is inversely as the absolute temperature. 

Unit area at the base of the chimney sustains from the 
inside a weight of hot gas eciual to Top^h. T\, and an equal 
area outside the chimney at the level of the base sustains 
a weight pj/n The pressure at the top of the chimney is 
atmospheric inside and out, and so is neglected. Therefore, 
the difference in pressure at the base of the chimney inside 
and out is 

r = ( 1 ) 

This pressure contributes the head that drives the hot 
gases up the chimney. 

The chimney prol)lem is recited mainly as a simple 
introduction. Apply the same principle to a furnace 
chamber of iieight h. Suppose we make two holes in the 
side wall, at the top and bottom. If the total pressure 
inside the furnace at the level of the upper hole is that of 
the outside air, the pressure at the bottom hole is less inside 
than outside by the value shown in Equation (1), and cold 
air will flow in. The head // actuating this flow will be 

ft) 

and the linear rate of flow inward through the orifice, 
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considered for simplicity as in a thin plate and without 
correction for coefficient of efflux, will be 

o) = (3) 

where H has the value from Equation (2) and g is the 
gravitational constant. 

If on the other hand we arrange things in such a way 
that the pressure at the lower hole is the same inside and 
out, so that no inward flow occurs, then there is a pressure 
at the upper hole, equal to P of Equation (1), causing hot 
gas to flow out. The head producing that flow will be 

From this a linear velocity of flow can be calculated 
from Equation (5). 

Actually, there is little interest in the calculation of these 
flow rates. The purpose is to emphasize that it is not 
possible to balance the pressure inside and outside a hot 

furnace at more than one level. 

A furnace will not heat properly unless the hot gases 
touch the material to be heated. Thus in a reverberatory 
melting furnace the flame must fill the space between the 
furnace roof and the level of the bath. If it does not, 
there will be an inflow of cold air at doors or other openings, 
tending to cool the bath. 

We are thus led to an interest in the depth to which flame 
will fill a furnace. For a furnace with a horizontal roof the 
linear velocity of flow co (in meters per second) is related to 
the depth of flame ht (in meters) by the equation, ascribed 
by Groume-Grjimailo to Yesmann: 

h, ^ A </QVB^Y, (5) 

where T is the Kelvin temperature, Q the volume of flow in 
cubic meters per second, and B the width of the furnace in 
meters. The constant A depends somewhat upon the 
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width of the furnace and the value of /i*. Groume- 
Grjimailo's tables of A are nearly equivalent to the state¬ 
ment that 

A = 3.68 - (6) 

It is very often true in furnaces of this type that it is 
desired to hold flame longer in the furnace, for better heat 
transfer, than could be accomplished by the dimensions of 
Equation (5). Just as a stream may be dammed up to 
produce a pond, so may the roof of a furnace be depressed 



Slowly moving flame under raised part 
of a furnace roof 


Fig. 25-1. Analogy of a Pond behind a Weir to a Furnace Roof 
l)oj)r(‘sso(i at Hoar. 

at the rear bridge wall in accordance with Equation (5), 
making it possible to keep any desired depth of flame under 
tlie roof itself and thus producing any desired velocity of 
flow in the hearth. 

As seen in Fig. 25-1 this condition amounts merely to 
raising a portion of a horizontal roof to produce any other 
form desired; Equation (5) will still apply for the depth of 
flame where it flows out under the roof at the rear. 

A practical matter is that, since the flame will of course 
rise after passing under the lowest part of the roof, the rear 
bridge wall must touch the lower surface of the outflowing 
flame or cold air will enter between the top of the w^all and 
the lower surface of the flame and cool the back of the bath. 



DISTRIBUTION OF FLAME IN FURNACES 241 

If the bridge wall is higher than this it will choke the flow 
of flame. 

The problem then becomes a question of the velocity of 
flow through an orifice. If the passage from bridge wall 
to stack is constructed so that the level of the flame is 
below the top of the bridge wall, this becomes a submerged 
orifice, and if Ad is the difference between the level of the 
flame upstream and downstream from the bridge wall, 
the linear velocity of flow will be approximately 

CO = 2^Ad. (7) 

This makes no correction for coefficient of efflux, an 
error that Groume-Grjimailo did not regard as important. 

We come here to an important consideration regarding 
the height of the rear bridge wall above the liquid metal. 
If the furnace is carrying flame in contact wdth liquid metal 
we must exclude the layer of cold air that might lie on the 
metal until heated from above or by turbulence. Such a 
colder layer can escape only through an opening to the 
outside, below the level of the top of the bridge. Such 
openings exist to some extent in any structure inevitably 

and without special provision. 

There will be no tendency to force this cold layer out, 
or to keep it from coming in, unless the height of the fuinace 
above the metal bath and the bridge wall dimensions are so 
proportioned to the flow of flue gas that the furnace fills 
with flame. A useful expedient is to depress the roof 
beyond the bridge wall so nearly to the level of the bath 
that the flame must back up and fill the space above the 

metal. 

In furnaces heating solid objects there is no problem, for 
the take-off can be at floor level. A little later we shall 

come to such furnaces again. 

In many melting furnaces, open-hearth furnaces espe¬ 
cially, the contact of hot gases with the bath is maintained 
by the jet-like action of the flame emerging from the burner. 
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The depth below the burner openings H to which a jet 
of flame leaving the burners with a linear velocity o) will 
descend if the direction of the burner makes an angle <}> 
with the horizontal depends on the difference in tempera¬ 
ture of the jet and the ambient gas, the composition of 
the two being assumed constant. If T is the absolute 
temperature of the furnace atmosphere and AT is the 
difference in temperature of the flame and furnace atmos¬ 
phere, it folloAvs from Yesmann’s mathematics, quoted by 
Groume-Grjimailo, that 



(to sin </))^ T 



Note that the jet descends in the furnace as the temperature 
of the latter’s atmosphere approaches that of the jet of 
flame. Actually the value H is only approached, for the 
jet is retarded not onl^’’ by the difference in density betAveen 
it and its surroundings but also by friction (viscosity) with 
the surrounding gas. 

Also, if the jet moves fast enough in relation to its cross- 
section to produce a Reynolds number sufficient to cause 
turbulent flow, it may merge with its surroundings. 

In conclusion, we offer a few more words about heat- 
treating furnaces. Except in the case of continuous fur¬ 
naces, these are, in general, much more nearly cubical 
than melting furnaces. Also, the rate of heat input per 
unit volume, and hence the volume of flame admitted in 
unit time, is relatively small. 

If the flame is admitted near the bottom, and the vent 
is at the top, the hot gas will merel}' flow up along the near 
wall of tlie furnace, under the roof and out. It may not 
touch the clmrge at all, and the atmosphere surrounding 
tl»e castings will heat but slowly, by conduction, and per¬ 
haps by fortuitous eddy currents. 

If the outlet is at the bottom, the hot gases will rise, 
tinally filling the furnace and flowing off at the bottom. 
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Consider, however, what happens when the circulation of 
gas is not uniform, but the hot gases chose by accident, or 
because of the character of the charge, a particular upward 
channel. This channel then becomes somewhat hotter 
than an adjacent downward passage, setting up, by the 
principles on which Equations (2), (3), and (4) are based, 
a still faster upward movement in the hot channel and 
downward in the cold. 

The result is a further increase in temperature in the 
former in relation to the latter, with accompanying decrease 
in the uniformity of heating. If, however, the flame enters 
at the top and from the first follows some particular path, 
the heating of that path sets up an upward counter current 
of cooler gas and promotes the downward flow of gas 
elsewhere, thus equalizing the temperatures and making 
for uniform heating. 

Similar principles apply to the heating of muffle furnaces. 
The flame should always enter above the muffle and flow 
downward over it to flues at the bottom. Attempts to 
distribute heat uniformly to the w^alls by other means are 

likely to encounter great difficulties. 

Another example of these principles of circulation is 

found in radiant tube furnaces in wffiich the heating ele¬ 
ments are arranged vertically along the w^alls, outside the 
charge. The atmosphere reaches the tubes, is heated, 
flows upw^ard to the top of the furnace and then downw'ard 
through the interstices of the charge wffiere it cools, flow^s 
to the bottom of the furnace, and starts its journey all 

over again. 

Heat EJxchangers 

The principles just discussed are also applicable to the 
flow of cooling or heating gases through heat exchangers, 
whose purpose is to return the sensible heat of waste gases to 
the incoming air for combustion. In recuperators t e ot 
flue gas and the cooler air flow in parallel channels, sepa- 
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rated by ceramic or, occasionally, metal walls. In regen¬ 
erators the hot gases heat a checkerwork of brick on their 
way from furnace to stack. When the brick is sufficiently 
hot, the flue gases are diverted through a second similar 
checker, and the entering air is drawn through the hot 
checker from which it absorbs heat. 

Evidently, in either case there are a multiplicity of 
parallel channels through which either gas can pass, and 
therefore it is important to arrange for the downward flow 
of the hot gas, or the upward flow of cold gas, in order to 
produce uniform heat flow and hence opportunity for 
uniform heat transfer in the several channels. It is 
fortunate that this requirement is consistent with the 
counterflow principle required for thermal efficiency, that 
is, that the hot and cold gases must pass through the 
exchanger in opposite directions to get any considerable 
benefit. 

The need for this principle may be self evident. If it 
is not, consider the following example. 

A furnace is operating with flue gas consisting of air 
whose oxygen content has been entirely converted to CO 2 . 
Its temperature is 2000'^ C above that of the atmosphere. 
Its sensible heat above atmosphere is entirelj’’ transmitted 
to the incoming air, so that the flue gas leaves the exchanger 
at atmospheric temperature and the air leaves it at 2000°C. 

This situation represents complete efficiency so far as 
heat losses from the exchanger are concerned. The 
specific' heats of oxygen and nitrogen at 2000° C are each 
7.54, and that of CO 2 is 11.83, all in cal g mol. The heat 
content of tlie flue gas as it leaves the furnace is then 
2000 X (4 X 7.54 + 11.83) = 83,980 cal/g mol of CO 2 . 
The lieat content of the entering air is 2000 X (5 X 7.54) 
= 75,400 cal ^g mol of O 2 . One gram mol of O 2 produces 
one gram mol of CO*. Since a cold body cannot heat a 
hot one, the best possible efficiency would be 75,400 -r 
83,980 = 90^; (about). The balance of the heat, if not 
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lost from the walls, escapes in the flue gas, contradicting 
the assumption that the flue gas escapes from the exchanger 
at atmospheric temperature. 

Had the gases passed through the exchanger in the same 
direction, the best that could have been done would have 
been to have the flue gas go to the stack and the air to 
the burner at the same temperature. The specific heat 
of gases varies with temperature. If we call Cp that of 
oxygen and nitrogen and Cp' that of CO 2 , then the exit 
temperature T is such that 

T{^Cp + Cp') = 83,980. 

Taking suitable recognition of the specific heats, T becomes 
about 1100°C and the incoming air contains 

1100 X (5 X 7.18) = 39,490 cal/g mol O 2 , 

or about 47% of the heat in the flue gas as it leaves the 
furnace. 



CHAPTER 


26 


Statistical Control of Processes 


Statistics are of interest in a foundry or other indus¬ 
trial operation because tliey provide tlie only means of 
knowing how accurately any plant observation or record 
can be relied upon to represent a basic fact. \Ye all know 
that no matter how hard we try, it is impossible to repro¬ 
duce every time any given result, be it a matter of com¬ 
position, mechanical properties, productivity, dimension, 
cost, or anything else. The methods of statistical mathe¬ 
matics permit reaching conclusions as to what degree of 
uniformity, in any such matter, can be expected under a 
given set of operating conditions. Also, one maj' get 
from them early warning when departures from the 
expected result are becoming so large or so frequent that 
some detectable source of error has crept into the process. 
Many very silly conclusions have been drawn and practices 
have been changed on the basis of differences of results 
that were not significant. A significant difference is a 
difference so unlikely to be produced by chance that that 
possibility may be disregarded. 
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Normal Distribution of a Property 

The basis of most industrial statistics is the observation 
that the likelihood of occurrence of a given departure from 
the correct (usual, expected) value of some property has, 
for very many natural phenomena, a very definite relation 
to the magnitude of that departure. A number of such 
relations, applicable to particular circumstances, have 
been discovered, but the one most generally used and most 
frequently applicable is that discovered by Gauss over a 
century ago and often known by his name or by the name 
normal distribution. 

This mathematical statement says that if many observa¬ 
tions of a given constant a: are made (for example, the carbon 
content of many heats of steel, all intended to be of the 
same composition, is determined), then the fraction of 

X 

the total number of results falling between 0 and — from 

X 

the average value, is 



1 

\/27r 



^d\ 


— (1/2)X» 



Here P is the probability of occurrence, that is, as stated 
above, the fraction of the total falling between 0 and x, 
and hence the chance that any given value will fall within 
the prescribed range. The Greek letter lambda, X, is a 
variable of integration that must include in its limiting 
value some evaluation of the scatter to be expected in 
values of x. This is the purpose of the term 

Standard Deviation, a Measure of Scatter 

If one makes n observations of x, some coming out alike 
and some different, then as everyone knows, the average 
value, designated as x in statistical notation, is 

2x 


X 


( 2 ) 



248 


FOUNDRY SCIENCE 


that is, it is the sum of all n values of x divided by their 
total number n. The measure of the scatter of results is a 
calculated quantity called the standard deviation of x and 
designated by It is defined by the expression 



That is to say, it is the square root of the sum of the squares 
of the n differences between each individual value of x and 
the mean value, divided by one less than the number of 
ol^servations. Presently we shall come to certain easier 
forms of computation. 



Ihe expression after the integral sign in Equation (1) 
is shown graphically by tlie curves in Fig. 26-1. This 
figure represents the normal distribution of two lots of 
observations, called jyopulations or universes in statistical 
terms, both having tiie same average or mean value x but 
one liaving twice the standard deviation a, as the other. 
1 he two curves, which cannot be shown completely because 
tlic} extend to infinit}’ in each direction, both have the 
same area below them, this area being unity. The area 
under either curve between x and any value of is 
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the same. In the present case, since Ci of the flatter curve 
is twice that of the other, the area from x to a given value of 
X on the flatter curve is equal to that of one-half that value 
of X on the steeper curve. 



The area between 0 and the upper limit of integration 
(x/o-j for any specific case), that is, the value of -P 
Equation (1), can be found in the table of the probability 
integral to be found in most books of statistics and in many 
mathematical tables. The value of the integral is shown 
graphically in Fig. 26-2. The area from 0 to x = o-^, 
that is, to x/a^ = 1, is 0.3413; that to x = is about 
0.488; and that to x = 3<rx is about 0.4985. An older 

term still often used by physicists and astronomers, though 
not so convenient for statisticians, is the probable error 
(P.E.). Numerically this is 0.675 times the standard 
deviation. If x = 0.675crx, then the value of P m Equation 
(1) is 0.25. Then there is an equal chance that an observa- 
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tion will be nearer to or farther away from x than this 
value; hence this error may be considered the most probable. 

Equation (3) requires a good deal of arithmetical work for 
large values of n and in such cases the expression 



is often substituted. The two radicals are mathematically 
identical. Few of the data encountered in engineering 
ob.servations are sufficiently correct in themselves, so that 
if 71 is greater than 8 or 10, as it almost alwaj^s is, any 
correction of Equation (4) is justified. However, if the 
value of o-j. from Equation (4) is multiplied by Vii '{ 7 i — 1) 
the value from Equation (3) would be reproduced. 

Another, and less accurate, method of obtaining the 
value of (Tx from a very large number of data without hav¬ 
ing to square all the readings is based on the fact that— 
assuming that a normal or Gaussian distribution relation 
exists and that all the subgroups have the same value of 
.f "it is possible to compute the most probable range of the 
numerical difference between the largest and smallest 
values in a subgroup of a given size. This size of subgroup 
is conveniently taken as either 4 or 5. Then if we divide 
all the readings in a universe, arranged in chronological 
order, into groups of 4 and compute the mean value of the 
differences between the largest and smallest values in each 
group, we can draw a conclusion from the mean range R 
as to the value o^the that produced it. The quickest 
way to compute R is from 




tii&x 


— 


71 



Here and 1x,nin are, respectively, the sums of the 

largest and smallest values of x in each group of 4 (or 5), 
and 71 is the number of such groups, not the number of 
observations. 1 lie method is neither useful nor necessary 
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if n is less than 8 or 10. For subgroups of 4 the standard 
deviation of the average value is 

(Ti = 0.243.K. (6) 

Probability of Errors Exceeding a Given Magnitude 

Having a value of x and of Cx for a given universe, ^ye are 
now able to tell exactly how likely any given operation is 
to yield values falling more than a particular amount from 
the average. For example, if we know that the mean 
value of carbon in a steel made for a given purpose is 
0.25% and its standard deviation is 0.02%, then we can 
say that 31.73% of the results (1 - 68.26) will be more 
than 0.02 % away from 0.25 %, that is, will be less than 0.23 % 
or greater than 0.27%. About 5% of the values will be 
lower than 0.21% or higher than 0.29%, and practically 
none (actually 0.3%) will not fall within 0.06% of the 
average, that is, will be either below 0.19% or over 0.31%. 
Thus we have learned how to find out how accuiate our 
knowledge is as to what the next carbon content will be; 
that is, what the chance is that it will be below some set 

value or above another. 

This is the confusing point to those unfamiliar ^Yt 
statistics. They are familiar with mathematics that end in 
a definite conclusion regarding the precise numeiical value 
of something. Statistics recognize that all observations, 
or other operations, are subject to error and end \\it a 
definite conclusion as to the most probable result coupled 
with an equally definite conclusion as to the chances that a 
given observation mil be more (or less) than a specific 

amount away from this probable value. 

Before proceeding further, the reader should be cautione 
that many of the assumptions made so far and to be made 
later may not be completely justified. All distributions 
are not normal, the value of x is not the sarne in a su 
groups, and so on. The procedures of applied statistics 



252 


FOUNDRY SCIENCE 


are in places not rigidly justifiable but represent practices 
that, as the result of long experience, are applicable in the 
evaluation of operating results. Readers thoroughly trained 
in statistics do not need this chapter; those new in science 
will make fewer mistakes by applying the methods here 
given than if they attempt to improve them. 


Significant Differences 

Knowing the scatter of values of x about an average, 
we are led to inquire into the scatter of a multiplicity of 
such averages obtained from various subgroups obtained 
from a given universe. It is found that 


(Tx 

v/n 


(7) 


That is, the standard deviation of the average of 7 i values 
of .T is the standard deviation of x divided by the square 
root of n. 

This is but a step in determining whether two groups of 
results can be from a single universe. Tlie practical 
importance of this question will be at once apparent. Sup¬ 
pose, for example, we desire to know whether or not steel 
of a given composition made in the electric and open- 
hearth furnaces is alike in reduction of area; it is an obvious 


approach to compute the average reduction of area for 
each of two considerable groups of steel of nearly uniform 
composition and compare the results. Unfortunately, 
the lesult of such a comparison is entirely inconclusive 
until it is known whether the observed dift'erence could be 
the result of chance alone. 


Standard Error of a Sum or Difference 

It is one of the results of the study of propagation of 
error that the standard error of the sum or difference of 
two quantities can be calculated by the equation 
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The standard error of the difference (or sum) of two 
values of Xj is numerically equal to the square root of 
the sum of the squares of their respective standard devia¬ 
tions, The X of the equation can just as well be an average 
value as a single one when the x’s of the equation become 
.f’s. 

Returning to our problem: If the two kinds of steel are 
interchangeable, then but for chance variations in sampling, 
the two average values would be equal, and their difference 



Fig. 26-3, Significance of Differences of Two Averages. 

Ax would be zero but for the operations of chance. We 
must then determine whether an observed value of Ax 
could have originated from a single universe by comparing 
Ax with Sax as computed from Equation (8). Early in 
this chapter we learned that it is so unlikely that a given 
quantity will depart by over Str from its real value by chance 
alone (0,3%) that the possibility might well be disregarded. 
Therefore if Ax is greater than the two kinds of steel 
are not identical in reduction of area. Fig. 26-3 exemplifies 

these principles in graphic form. 

The reverse, how^ever, is not true. If Ax is less there is 
still some chance that the two universes (here two types 
of steel) are different. If Ax/Sax is less than 0.675 it is 
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not so likely that the two universes are different as that 
they are alike, and as the ratio of Ax to grows less and 
less, file likeliliood of a real difference grows less and less, 
but we cannot reach certainty of identity, for any real 
difference up to could exist and by chance Ax could 
be zero. It is one of the advantages of statistical analysis 
that we are kept reminded of the possible extent of our 
ignorance and are led to consider whether our knowledge 
suffices to suiistantiate a given conclusion. 

For ('xainple, if we were to consider the distribution of 
A.f about its mean value, we might perhaps find that Ax + 
would be small enough to he without engineering 
significance. This would mean that whether the steels 
were identical or not absolutely so, they would he identical 
from the viewpoint of use. d'he ju'ohlem sometimes takes 
the form of wishing to determine whether a given change of 
practice (desirable for other, perhaps economic, reasons), 
can be adopted without danger of deterioration of some 
prop(‘rt\' of importance. In that case the average of the 
importaid i)r()perty obtained by using the proposed pro¬ 
cedure must exceed that obtained under the old procedure 
bv more than three times the stamlard error of the differ- 
ence. For some purposes of lesser importance such great 
certaiid>' may not be reipiired, and twice the standard 
error may be selected as a Jiducianj limit, that is, test of 
satisfactory result. It all simmers down to how certain 
one has to he that his conclusions are correct. Invariably, 
howev(M‘, it is found that those who go by horse sense 


accept coiu'lusions as justified that statistics demonstrate 


to be acceptable only at considerable risk. 


Correlation 

In determiidng whether some variation of practice will 
alTect the (piality of a product, the statistic known as the 
corrclalion cocfjicicnl and represented by the letter r is 
most useful, d'hus one might have a lot of east irons 
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va-rying in carbon content and in castability as measuied b^ 
the fluidity spiral and might wish to know the relation 
between the two properties. The correlation coefficient 
determines what fraction of the scatter in fluidities is due 
to scatter in carbon content. The value of r, the correla¬ 
tion coefficient of the properties x and y, is given by 



xij - xy 



Note that xy is the mean value of the product of corre¬ 
sponding values of x and y, and xy is the product of the 

mean values of x and y. 

This fraction always has a value between +1 and -1. 
If the value is +1 there is perfect positive correlation, 
that is, there is only one value of the dependent variab e 
or effect, fluidity, for each value of the independent variable 
or cause and fluidity increases with carbon content and is 
unaffected by any other existing variable. A coefficient 
of -1 has the same meaning except that the effect decreases 
as the cause increases. A zero coefficient indicates no 
relation between the two variables, and the scatters aie 

totally unrelated. . 

The correlation coefficient has a standar evia ion 


1 — 


(Tr = 


10 ) 


Vn - 2 


with which it must be compared to determine the likelihood 

that it is not due to chance alone. , , . 4 -u* ^ 

A high correlation is necessary to prove that two things 

are related as cause and effect but it is ' 

spurious correlations are quite common Frequently the 

reason is that both variables are effects of a ir 

oft-quoted example is a certain investigation s 

close correlation between the salaries o sc oo 

and the arrests for drunkenness in the same 

Highly paid teachers did not contribute to drunkenness a 
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might be rashly concluded. When teachers’ salaries are 
high, all earnings are high and more people can pay for 
enough liquor to attract the attention of the police. 

Regression Coefficients 

If a considerable degree of correlation is observed, one 
may wish to find out how much the efTect, fluidity, will 
change for a given change in the cause, carbon content. 
To do so one determines the reyretision coefficient of the 
dependent variable fluidity on the independent variable 
carbon. This coefficient is commonly called h and 



where x is the length of the fluidity spiral and i/ is the 
(‘arbon content. The relation of x and y is then given by 



.r - X = b{y - y), 

•T = hy + {,v - by). (12) 


One may wish to compare two processes with respect 
to their precision of control, preferring that which produces 
the least scatter of results. In the first problem suggested 
in this chapter as to electric and open-hearth melting, we 
may find that {x = carbon concentration) is dilTerent 
in the two universes. Are such difl'erences real or due to 
chance? A standard deviation has itself a degree of 
uncertainty measured by its standard tleviation which is 


<TX 




We can then compare Ao-^, the dilYcrence of the two 
standard deviations, with the standard deviation of that 
din’erence as computed from Eipiation (13), just as Equa¬ 
tion (8) was computed from Equation (7), and so on. 
If the standard deviation is deriveil through Equation (5), 
then the dilleience in scatter is reflected in a difference in 
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mean range. In a controlled sj^stem no single range can 
exceed 2.28/?. 

The most fruitful application of statistics in industry 
is in the control of quality of the product. Here quality 
can mean almost any measurable attribute, cost, rate of 
production, dimension, mechanical property, composition, 
inventory, business volume, and so on. Credit for this 
development is largely due to Shewhart of the Bell Tele¬ 
phone Laboratories. Statistical quality control has been 
taken up, often as the result of wartime experience, by 
many organizations. 

The fundamental philosophy of statistical quality con¬ 
trol is that if an operation is kept controlled in the sense 
that the results are normally' distributed, and if the mean 
value and standard deviation of an attribute is known, then 
(1) it can be said with certainty that no result will fall 
below a certain known minimum, and (2) if any result falls 
outside the control limits, x ± S^x, then an assignable cause 
of error exists; that is, something definite has happened 
that modifies the result of the operation. 

Quality Control Charts 

The practical application of statistical quality control, 
s^lthough it rests mainly on demon.strable mathematics, is 
to some extent an art and not a .science. Few actual 
operating conditions conform so accurately to the basic 
mathematical assumptions as to justify rigid quantitativ'e 
treatment, and certain compromises of technique are made 
necessary. Also there is the economic aspect of not going 
to the point of diminishing return for the statistical effort. 
The art is, however, somewhat complex and changes 
therein should not be lightlj^ made by those not thoroughly 
versed in how to find out if they are desirable. Here 
there is no middle ground between proceeding accoiding 
to authority or embarking upon a quite laborious study of 

mathematical principle and fact. 
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Certain assumptions arc adopted by competent practi¬ 
tioners of the art of statistical (piality control. It has 
already Ijcen said that the average of several values of an 
attribute is more likely to be normally distributed than 
tlic individual values; therefore one deals with averages of 
small groups instead of with single values. Tlie smaller 


the group the quicker the warning, if an error creeps in, 
but the less justifiable the assumption that the distribution 
is normal. Experience has sliown that taking groups of 4 
successive values is a useful compromise, although 5 are 
sonu'times used. Also, experience lias shown that a 


transient cause of error tliat persisted only for a single 
observation cannot usually be traced, and warning as to 
its existence is not very useful. Also it is thought to be 
a suflicient test of normal distribution that no value fall 
more than ^cr from the mean (actually 3 in 1000 would be 
permissible), and on the other hand there could be an 
abnormal distribution without violating this test. Again 
(*xp(‘i’i(*nce has shown that sufliciently useful results can 
be liad without the labor and delay involved in more 
('laborate ti'sts of distribution. Indeed, such tests might 
actually i)c harmful as jmstponing action too long after a 
procc'ss gets out of control. In the interest of economy of 
effort, the range procedure is always used to determine the 

standard dexiation, instead of the more accurate methoils 
of computation. 

The inirpo.se of making a quality control study is to call 
immediate attention to a process that is yielding results 
that depart further from the desired x'alue or scatter more 
tlian is consistent with the intent. The first step is, of 
course, to determine what is wanted and can be attained. 


Perhaps this is determined by a customer’s specificatioi 
If he requires a steel whose carbon content is between 0.25< 
and 0.3o'^(, obviously the desired mean value is 0.30^ 
and Uxe grand average of many values should be cxactl 

Also, plainly 3(7 cannot be greater than O.Oi 
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that is, a cannot be greater than 0.0167. If the melting 
process cannot be operated at so low a standard deviation, 
the specification cannot be met until the process is improved. 
An alternative, of course, is the segregation of each heat 
and the rejection of those outside the specified range, a 
proceeding generallj’’ prohibitive economicallj'. 

U.C.L.x 

L.C.L.X4 


U.C.L. R 


R 


Fig. 26-4. Quality Control Chart. 

Having determined the required <r, one may compute 
from (2.28.R) the mean range R from Equation (6) and 
the upper limit of range consistent with the requirements. 
In the example chosen the numerical values are 0.07% and 
0.16%. 

When the choice is not dictated by specifications, it is 
determined by study of an extended period of past satis¬ 
factory operation. The essential in any case is to deter- 
Rfine what mean value satisfies the requirements and what 
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(loKiec of scatter, measured by standard deviation and 
resulting in a range of values, is attainable and sufficient to 
avoid the occunence of substandard conditions. These 
facts being established, the next step is to proceed with the 
construction of a quality control chart as shown in Fig. 
20-4. 


First, OIK* (haws a line horizontally across the diagram 
at the desiretl mean value .r and two lines parallel to it and 
‘Aaj abo\(' and below it. These are called upper and lower 
control limits and no value of the average of four successive 
values .r may fall outside this band. If even one point 
do(*s so, the system is out of control at that time. The 
purpose of the chart is to give notice of the condition and 
pi()ini)t an immediate and exhaustive investigation of what 
operating'condition has changed. 

Low(‘i’ on the chart a horizontal line for the mean range 
R corresponding to the established value of a is drawn, 
and an upp(*r control limit is drawn at 2.287?. If even a 
single value of R falls above this, even though the values of 
.r are within the control limits, the process reciuires investi¬ 
gation, for a gr(*ater scatter has occuned than the original 
controlled op(‘ration could have proiluced if unchanged. 

Th(' chart bi'ing established has plotted on it the average 
.r of (*ach successive group of four observations and the 
range* R in the. successive group. An imaginary series of 
values is shown in Fig. 2(i-4. Deliberately they were put 
in to exemplify a series of operating conditions. In period 
a the mean range is obviously above the required R, the 
average of x falls below the required value, and many 
single values are outside the control limits. The system is 
random and not under control. 

I sually the first elYort would be to bring the value of 
X nearer the desired .f, and this has been done in period h. 
However, some points still fall out of the control band 
because tlu* conditions regarding range are unimproved. 
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In period c the range has been adjusted to average pretty 
close to the desired mean range, although an occasional 
range is still beyond the upper control limit. In period d 
the system is under control. In period e it is still under 
control but not at the desired level. The range conditions 
are as set up, but the values of x fall above the established 

although between upper and lower control limits, not 
shown in the figure, consistent with the established range 
and the abnormal mean value. 

It is sometimes established that where a minimum (or 
maximum) value of an attribute is specified, such a value 
should also be drawn on the chart and no single value shall 
fall below such a minimum, even though the averages of 
four are all above. Also it is well to remember that the 
likelihood that m successive values will all be in the same 
side of X is 2"*~h ^.nd the chance that m values will each be 
higher (or lower) than its predecessor is the same. For 
m = this means only one chance in 64 that the result is 
due to chance alone and not to a progressive change in 
the process. The chance that a numerical value will fall 
between 2<j and So- on a given side of x is only 0.05. The 
chance that two successive values will so fall is 0.0025, 
and three successive ones, 0,000125. Need it be empha¬ 
sized that the frequent occurrence of numerical values 
near the upper and lower control limits is evidence that 
control is being lost? 

Quality control charts give no indication of the nature of 
an assignable cause when an operation goes out of control. 

It is an operating matter to investigate the cause of lack 
of control. Sometimes correlation studies serve to deter¬ 
mine what variables must be controlled, if the process as a 
whole is also to be controlled. It may happen that if 
many causes contribute to a result, the total operation will 
be under control statistically, even if each cause separately 
is not. 
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This chapter and this book may well be ended with the 
statement that an effort has been made to give to the 
foundry engineer information as to principles that may 
serve as guides to successful practice. It remains for him 
to make suitable applications as required if he is to benefit 
from a reading of these pages. 



Supplementary Reading 


T 

1 . HE TREATMENT OF all the subjcct matter of the pre¬ 
ceding text has been made as concise as possible. Little 
attempt was made to establish the validity or the back¬ 
ground of the treatment. Those desiring a more thorough 
understanding will find most of what they want in the fol¬ 
lowing suggested reading list. This is not to be regarded 
as a documentation of each separate statement. It is 
arranged by chapters and the references are to publications 
which deal with the general subject matter of that chapter 
rather than with individual facts. INIost of the references 
are to books. These always contain also information on 
subjects not included in the particular chapter. This is 
particularly true of the physical chemistry and thermo¬ 
dynamics texts distributed through the several chapters 
and in some cases referred to in more than one chapter. 
The references are either to fairly I’ecent treatments of the 
several subjects, to publications which have become classics 
in their fields, or to original source material. Alany of 
them will be found to contain further references permitting 
the student to go as far as he likes in his reading. Refer¬ 
ences to elementary physics or chemistry texts were 
omitted as superfluous. 

Chapter 1 

“The Atom,” anonymous. LifCj page 68 (Alay 16, 1949). 

“The Neutron, the Intermediate or Compound Nucleus, and 
the Atomic Bomb,” by William Draper Harkins— Science, vol. 
103, no. 2671, page 289 (March 8, 1946). 

An Introduction to the Electron Theory of Metals, by G. V. 
Raynor, (British) Institute of Metals Monograph No. 4 (1947). 
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llic Fundamental Concepts of Phpsics, by Paul R. Heyl, Wil¬ 
liams and Wilkins (192(i). 

Space and Time in Contemporary Physics, by ^loritz Schlick, 
Oxford I'niversity Press (1920). (Background material.) 

Chapter 2 

Treatise on Physical (’hemistry, by llugli S. Taylor, \’an 
Xostrand (1924). 

'The Phase Pule and Its Applications, by Alexander Pindlay, 
lamgmans, Oreen (1918). 


Chapter 3 

The Physics of Metals, by Jioas, Wiley, (1947). 

Iniroduction to Chemical Physics by J. C. Slater, McGraw- 
Hill (1939). 

The Structure of ('rystals, by Ralph W. G. WyckofT, Chemical 
(’alalog (1931). 

The Structure of ('rystals (su])plemenl to the preceding), by 
Ralph \\\ (1. WyckolT, Rcinhohl (1934). 

'The Modern Theory of Solids, by Frederick Seitz, McGraw- 
Hill (1940). 

“ Kornpressibilitiit und lOlektronen \’ohimen,” by H. Koppe, 
Zeit. Anory. und Alyem. Chemic, vol. 24, page 131 (1941). 

“Review of ('ertain Aspects of Metal Physics,” by G. M. B. 
Douglas and R. W, Powell, Journal of Iron and Steel Institute 
{British), vol. 1(>2, page 2S9 (1949). Xuinerous references. 

Chapter 4 

Fundamentals of Physical ('hemistry, by Arnold Eueken, Eric 
U. Jetto, and Victor K. LaMer, McGraw-Hill (1925). 

Chapter 6 

Specific Heat of (Pises, by J. R. Partington and W. G. Schilling, 
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of CO-CO2 mixture with aus¬ 
tenite, 138 

three-phased, 172-174 
representation of, 174 
two-phased, 50 
Equilibrium state, 39 
Erosion by metal stream, 217 
Error, assignable cause of, 257 
detectable source of, 246 
probable, 249 

probability of its exceeding a 
given magnitude, 251-252 
Ether, luminiferous, 4 
Eutectic, freezing of, 157 
Eutectic composition, substances 
of, 45, 48 

Eutectic temperature, calculation of, 
49 

Fanning formula, 209 
Feeder, 214 
dimensions of, 220 
heat transfer to casting, 221 
proportions’of, 222 
spherical, with small mouths, 222 
Feeding, gating and, 214-236 
process of, 201 
Fe-Mn-C system, 180, 181 
Ferrite, 154 

Ferrous alloys, control of carbon in, 
136-149 

origin of, 136-139 
Flame, depth of, under roof, 240 
distribution of, in furnaces, 237- 
245 

luminous, 115 
Flame temperature, 70-71 
computation of, 76-79 
of combustion of carbon, 70 
of theoretical combustion of water 
gas, 88-91 


Flame temperature (Cont.), theoret¬ 
ical, 76 

Flow, laminar, 208 
rate of, 217 

through runner, 218 
rc'sislancc to, 208-209 
turbulent, 208 

Flow of gas, hot gases, 237-243 
turbulence of, 111 
Flow of Gases in Furnaces, The, 269 
Flow of heat, from moving stream 
of gas, 114 

in metals, (reference), 265 
in passages, preferred direction of, 
114-115 

radial, in cylinders, 108 
Flow of Heat in Metals, 265 
Flow of liquids {see also Hydraulics). 
201 

liquid metals, 208 
mechanics of, 202 
velocity of, through orifices, 211 
water, in pipes and channels, 207 
Flue gas, in reverberatory furnace, 

146 

“Fluidity, Casting, Fiindamcnta! 

Characteristics of,” 268 
Fluidity' test, 212 

“Fluidity Testing of Foundry Al¬ 
loys,” 268 

Fluid mechanics (sec also Hydrau¬ 
lics), 237, (reference), 268 
of casting, 201-213 
Fluid Mechanics for Hydraulic Engi¬ 
neers, 268 

Fluids, structure of, 12-18 
Four-component systems. repre¬ 
sentation of, 181 
Four-dimensional world, 4-5 
Fourier’s law, 65, 103-104, 105 

Four-phased equilibrium. 1<3 

Freedom, degrees of, 16-17 
Free energy, and binary equilibrium, 
45-54 

and boiling points. 43 
and equilibrium, in single-com¬ 
ponent systems, 38-44 
and equilibrium constant, 92- 
102 

for dissociation of CO2 near 
2000°C, 95 
of a reaction, 96-97 
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l‘reo energy (C’ont.), and freezing 
points, 43, 45 
and snptTeooling, 44 
and N'apor j)res.snre, 41 
fliange of, witli pressure at 
constant temperature, 42, 04 
witli temperature, 42 
coru-ept of, 39 

minimum, eomposition of, 03-0ti 
of a reaction, 124-12.) 
of gas mixture, calculation of, 
93 94 

of inetastable solution, 51 
of solution with miseihilitv gap. 

52 

of solution with pure component 
of solid solution, 52 
of substances, relation to tem¬ 
perature, 07 
partial molal, 45-48 
relation of solid and liquid solu¬ 
tions with freezing point 
minimum, 53 

r(4ation to enthal|)v and entropy. 
40 

surface, 57-50 

and supercooling, 50 
l‘'r»'ezing, decrease of volume of, 
metals on, 207 
graphitization during, ISO 
metal supercooled in, 55 
of cast irons, 155-157, 170 
of liypoeutectic alloys, 157 
of .steel, 152-153 
r(‘ferences, 2l)7, 209 
■ I'reezingof Cast Irons, The,” 207 
l•'re^‘zing pattern of steel, 154 
IVeezing points, 43, 45 
lowering of, 55 
I'n'ezing time. 219 
I* n-(|uenci(‘s of atoms, vibrat ional, 27 
briction. coelliciimt of. 209 
l■'uels, 00-01 
gaseous, SO 

/■'luls and Their ('onihustion, 205 
I-'ugacity, 120 
of gas, 100 

l'’urnac(‘ charges, he.atingof, 111-115 
'‘Furnace Models, Open-Hearth.’' 
2ti9 


Furnaces, bridge wall, rear, 241 
distribution of flame in, 237-245 
electric, and heat losses in steady 
state, 00-68 

maximum thickness for thcr- 
inallv stable walls, 07 
maximum value of wall thick¬ 
ness, 08 

steady state of heat transfer 
through walls of, 04-08 
heat-treatit)g, flow of flame in, 
242 

jet of flame in, 242 
open-hearth. 241-242 
radiant tube. 243 
reverberatory iiu'lting, 239 
roof of, depression of, 240 
roughnesses on bottom of, 134 
Fusion, latent lieat of, 32-33 

Gamma iron, rate of transformation 
to alpha iron, 183 
Gaseous fuels, 80 

Gases, absorption of, on surface, 135 
entropies, 42 

equation of state of, 13-15 
flow of, thro\igh furnace. 111 
fugacity of, 100 
hot, flow of, 237-243 
ideal. 13 

limit for liquefaction, 10 
nol)le, 4 
perfect, 100 

speeifie heat of, 35-30, (refereneeb 

204 

Gas pressure, in molds, 215-217 
Gas thermometer, 117 
Gates. 214 

effect of liquid metal on. 214 
Gating, and feeding, 214-230 
j)rocess of. 201 
Gauss’s distribution, 248 
Gibb’s phase rule. 138 
(Jibb’s triangle. 181 
Gins'!, 18 

“Grain Phases and Interphases,’’ 

205 

Grains, (piartz, 190 

shapes of. {refereneel, 208 
stricture (refereneeb 205 
sizes of, eentrihigal forces and. 230 
Gram molecules, 12-13, 39 
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Graphite, 156 

crystal growth of, 157 
facings of, sand molds, 200 
form of. and supercooling. 150- 
100 

linear crvstallization velocity of. 
150 ' 

Graphite Hakes, in gray iron, rosette 
distribution of, 158 
size of, 158 

Graphite formation, effect of soiiiius 
on, 157-159 

Graphitization, during freezing, 180 
effects of deoxidation (reference), 
267 

four-component system, 181 
in annealing of malleable iron 
(reference^, 2G7 
incubation periods before. 1G9 
in solid state, effect of allovs on, 
182-183 

in solid white cast iron, 1G0-1G5 
mechanism of, acceleration. 183 
retarding elements, 182. 183 
of white cast iron (reference). 2G7 
reaction ratesduring, 105-170 
primary, 180 
cooling rate and, 180 
references, 207 
secondar}’’, 182 
slow, 158 

Gray iron, freezing of, silicon and, 
178-181 

graphite formation (reference). 
267 

inoculation (refercneel, 207 
lacy, eutectic-like graphite in, 
159 

magnesium-treated eutectic, 100 
rosette distribution of graphite 
flakes in, 158 

Grossmann's relation of composition 
and hardenability, 185-187 

Hagen-Poiseulle law, 210 

Halloysite, 196, 198 

Hardenability, calculated from chem¬ 
ical composition (reference), 

267 

effect of alloys on, 186 
Grossmann’s relation of composi¬ 
tion and, 185-187 


Hardenability ((’ont.), of alloy 
si eels. I S3 -1S5 

of niultieompoiKMit stcu'l.s. 187 
“Hardenability Chileula t <“d f i om 
('luMuieal Composition, ' 207 
1 ladfield steels. 180 
Head, delined. 209 
Heat. 3 

dis.-sipated by controller. (')2 
electrical equivalent of. 02 
How of (see blow of heat) 
latent, 32-37 (see aho Latent 
lieat) 

of combustion of C, 70 
of reaction, 125 

speciHc, 20-31 (see also Speeifie 
Iioat) 

spontaneous reactions and, 84 
Heat, conductivity for eh'ctrieity 
and, 21 

Heat conduction, in unsteady state. 
103 

reference. 205. 200 
Heat content, of crystalline solid, 31 
Heat exchangers, 243-245 
counterflow principle, 244 
cHieiency, 244 

Heating, of furnace charges. 111 

ii5 

of liquid bath, 109-110 
of a slab, 105-107 
of a sphere, 107 
He*at input, per unit time. 100 
Heat losses, through furnace walls, 

64-08- 

Heat transfer, by convection, in 
molding sand, 191 
by radiation, 113-114 
in molding sand. 190 
coefficient of, 112 
in cupola, 143 

into body within hot furnace. 111 
in unsteady state, 103-110 
to charge, 111-112 
Heat-treating furnaces. How ol flame 
in, 242 
Helium, 8 

Henry’s law, 99, 121 
Hess’s rule, 30-37 
Hoff’s isochore equation. 54 
Hydraulic radius, 209 
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Ilydraulios. 110, 201, 207-212 
Hydrocarbons, combustion of, 91 
Hydroelectric plants, 01 
Hydrogen, 8 
Hydrogen atom, 7 
Hypocutctic alloys, 156 
freezing of, 157 

Ifloal critical diameter, 185 
Ideal gases, 13 
Ideal solutions, 99, 101, 120 
Illinite, 19G, 197. 198 
“Inclusions, Their Effect, Solubility 
and Control in Cast Steels,” 
20G 

“Interfacial Tension, Measurement 
of,” 208 

International Critical Tables, 94 

Interstitial solutions, 9 

Iodine, 4, 03 

Ionic compounds, 22 

Ionic lattices, 23 

Ionization, 23 

Iron, alloys of, and carbon (refer¬ 
ence, 207 

and silicon (reference), 268 
alpha-gamma. 109 
boiling point of, 121 
earbon-oxygen-gamma, 139-140 
cast. 140 

licpiid, car])on in, 140 
malleable, 146 
dense temper carbon in, 104 
temper carbon in, 102. 103 
rate at which melted, 145 
solid, carburization of, 139 
soIi<I cementite-solid graphite 
liquid equilibrium, 140-141 
stable solid solution of carbon 
and.101 
white cast, 100 

Iron, Carbon and Sulphur, 208 
Iron-carbon alloys, 130 
diagram, 150-152 
Iow-cail)on steel, 152-153 
microstructure of, 150-170 
cfTect of alloying elements on, 
171-187 

nonmetallic phases, 153-154 
normalizing, purj)ose of. 154-155 
sr)lid. rate of graphitization in, 
100-108 


“Iron-Carbon Diagram, A Thermo¬ 
dynamic Study of the,” 267 
Iron-carbon equilibrium, 152 
Iron-carbon-silicon system, 174-176 
Iron-cementite system, 152, 175 
Iron ore, 136 

Iron-sulphur-oxj'gen duplex sul¬ 
phide, 131 

Isothermal sections, representation 
of three-phased equilibriums 
by, 174, 176 
Isotopes, 8 

Jominy test, 185 

Kaolinite, 196, 197, 198 
Kelvin temperature, 21, 96, 105, 
116, 203 

Kinetic energy of atoms, 27 
Kirchhoff’.s law, 113 
Kish, 140 
Kopp’s rule, 30 

Laminar flow, 208 
Latent heat, 32-37 
atomic. 33 
molar, 33 
of fusion, 32-33 

with temperature, change of, 
36 

Lattices, 9-11 
body-centered cubic, 10 
common metal, 10 
crystal, 9, 12 
ionic, 23 

nomenclature, relation to axes of 
reference, 10 

Linear crystallization, 135 
Linear crystallization velocity, 58 
thermal coeflieient of, 59 
Linear tangential velocity, 230 
Linseed oil, 199 

Liquid bath, heating of, 109-110 
Liquids, coeflieient of thermal expan¬ 
sion of, 203 

flow of (see Hydraulics) 
specific heat of, 33 
supercooled. 18 
structure of, 25 
viscosity of. 202 203 
“I-oeation of Elements in White 
Cast Iron, The,” 268 
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Loschrniclt number. 12 
Low-carbon steels, 152-153 
Luminiferous ether, 4 
Luminous flames, 115 

Magnesium, boiling point of, 121, 
122 

Magnesium-bearing cast iron, 121 
Malleable industry, annealing proc¬ 
ess of, 135 

Malleable iron, melting of, 146 
Manganese, 4 
boiling point of, 121 
carbon equilibrium in steel, 130 
deoxidation by, 129-131 
Manganese-iron-oxygen-sulphur 
complex in medium carbon 
steel, 125 

Manganese-iron-sulphur complex in 
medium carbon steel, grain¬ 
boundary inclusions, 126 
eutcctiform inclusion, 127 
Manganese sulphide, 131-132 
yfaniifacture of Electric Steel, The. 
2GG 

Mass law, 70, 71-70, 99 
Mathematics, statistical, 24G 
Matter, conservation of, 3-4 
conversion of, 5 
energy and structure of, 3-11 
Moan free path, 21 
Mean range, 257 
standard deviation from, 250 
Measurement, temperature (refer¬ 
ence), 266 

Measurement of high temperatures, 
116-118 
Mesotrons, 6 
Metallic conduction, 20 
Metallic conductors, 105 
Metallic oxides, dissociation pres¬ 
sures of, 122 

Metal molds, 188-190 
initial temperature of, 188 
Metals, electron theory of (refer¬ 
ence), 263 

flowing in runners, 218-219 
liquid, flow of, 208 
molten, 43-44 

physical chemistry of (reference), 
2G6 


Metals (Cont.), physics of (refer¬ 
ence), 264 

stretched above recrvstallizatioii 
temperature, 220 
structure of (reference), 265 
velocitv of flow, in sand molds. 
217-218 

Metastable equilibriums, 39 
Metastable solution, free energy of, 
51 

Mctastable state, supercooling. 

cause of, 59 
Mobile systems, 70 
Molal free energj', partial, 45-48 
Molar latent heat, 33 
Molar specific heat, 26 
Molar volume, 14, 15 
Molding, silica, refractoriness of, 199 
Molding sands, air-set, 199 

grain size of, and permeability, 
192-195 

grain shape, effect on (reference), 
268 

heat transfer by radiation in, 
190-191 

mixtures of grain sizes of, 193-195 
need for porosity in. 191 
permeability of, 192-195 
rate of flow of gas through, 192 
reference, 268 

rounded versus angular, 192 
Molds, components of, 214 
copper, 188 

gas pressure in, 215-217 
material of, 188-200 
metal, 188-190 
pouring rate in, 216 
sand, 190-200 (see also Sand 
molds) 

speed at which filled, 216 
Molecular fraction, 46 
Molecules, 12 

crystals versus, 19 
gram, 12-13 
Montmorillonite, 196 
crystal structure of, 197 
effect of water on, 197-198 
Multicomponent systems, 181-182 

Natural gas, 80 

Natural laws, fundamental, 39 

Nern.st heat theorem. 31,41 
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Nernst partition coeffirient, 182 
Nernst partition principle, 127, 131 
Neutrinos, (> 

^‘Neutron. Tlie, the Intermediate or 
Compound Nucleus, and the 
Atomic Bomb,” 203 
Neutrons, 0, 7, (reference), 263 
Newton’s laws, 218 
Nonmetallic phases, 153-154 
Nontronite, 190 
Normal distribution, 247 
Nuclei for graphite formation, 157 
Nucleus, 7 

intennodiate or compound (refer¬ 
ence). 203 

on which graphite grows, 104 

Occurrence, probability of, 247 
Ohm’s law. (il 
Oils, drying, 199 
Open-hearth furnaces, 241- 242 
Organic binders, 199-200 
Organic bimling, principles of, 199 
Orilices, thin plate. 211 
Oxidation, in ri'verberatory furnace, 
147 

of alloys, 119, 122-123 
Oxides, metallic, dissociation pres¬ 
sures of, 122 

Oxygen pressure, 122-124 

Particles, size of, surface free energy 
and, 57 
Pearlite, 154 
Periodic table, 4, 0 
Permeability, and grain size, 192- 
195 

Phase, defined, 10 

Phase compositions, calculation of, 
50-51 

Phafte Diagrams, Principles of, 207 
Phase rule, Gilibs’s, 10-17, 173, 177 
Phase liiile and Its Applications, The, 
204 

INiosphorus, reversion of. in slags. 132 
Physical Chemistry, Fundamentals 
of, 204 

Physical ChemisJnj, Treatise on, 204 
I*hysical Chemistry of i}fetals, 200 
Pliysical properties, interrelation of, 
20-22 

Physics, chemical (reference), 204 


Physics, The Fundamental Concepts 
of, 264 

“Physics of Metals, Review of Cer¬ 
tain Aspects of,” 264 
Physics of Metals, The, 204 
Pig iron, 142 

Plastic deformation, 226, 232 
Poise, unit of viscosity, 203 
Poiseulle (Hagen-) law, 210 
Polymerization, compound forma¬ 
tion of, 99 

Pop-off, molds vented through, 191, 
210 

Populations, defined, 248 
Positrons, 6 
Pouring rate, 216 

Power, from destruction of matter, 5 
Prandtl-Nikuradse equation, 210 
Precision of control, 256 
Pressure, and equilibrium constant, 
97-98 

constant, specific heats at, 30-31 
critical, 17 

free energy versus, 42-44 
gas, in molds, 215-217 
in centrifugal casting, 232 
oxygen, 122-123 
relation of sublimation to, 64 
vapor, 72 

’s experiment, oxygen pres¬ 
sure, 123 

Probability integral, 249 
Probability of occurrence of values 
differing from average, 247 
Probable error, 249 
Producer gas, 80-83 
comlnistion of, 82-83 
computation of, 81-82 
Protons, 6, 7, 20 

Quality control of product, 257 
referoneo, 260 

selection of size of group in, 258 
Quality control charts, 257-262 
upper and lower eontrol limits, 
250, 200 

Quantum of action, Planck’s, 28 
Quartz, atomic arrangement, 24 
Quartz grains, 190 

Radiant tube furnaees, 243 
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Radiation, lieat transfer by, 113-114 
in molding sand, 190 
laws of, 117, 118 
transmission of, 4 
Raoult’s law, 99 
Rare earths, 8 
Relativity, 4-6 

Reactions, direction of (see also 
Direction of reactions), 124- 
132 

tirst-order, 134 

free energy of, 124-125 

and equilibrium constant, 96-97 
heat of, 125 

of carbon and oxygen, 70 
in solid state, 135 
monomolccular, 133 
rate of, 133-135 

during graphitization of white 
cast iron, 165-170 
reversible, concept of, 125-126 
second-order, 134 
slag, 134 

llecarhurization, in cupola, 142 
Regression coefficients, 256-257 
Residual stresses, 226-229 
how they arise, 228 
reference, 269 
Resistance, electrical, 21 
to flow, 208-209 
Reverberatory furnaces, 146 
chemistry of, 146-147 
depth of flame in, 239 
Reversible processes, 125-126 
Risers, design of, 219-222 
reference, 269 
Rosin, 199 
Runners, 214 

cross-sectional area of, 218 
effect of liquid metal on, 214 
length of, 218 
metal flowing in, 218-219 
proportions of, 218-219 
Rutile, atomic arrangement, 23 

Sackur equations, 42 
Salt, atomic arrangement of, 23 
Sand molds, 190-200 
bonding claj's, 195-199 
dry, 190 

facings of graphite or silica flour, 
200 


Sand molds (Cont.), green, 195 
inolfling sands {see Molding sands) 
organic binders, 199-200 
pop-offs through, 191, 216 
velocity of flow in, 217-218 
Scatter, measure of, 247-251 
Schmidt’s method, 107-110, 112, 

189-190 
references, 266 

Schroeder’s equation, 50-54, 151 
Scurves, 184 
Sea coal, 200 

Segregation, centrifugal forces and, 
230 

Shrinkage, 220 
Shrinkage voids, 222-223 
Significant difference, 246, 252 
Silica flour, facings of, sand molds, 
200 

Silicon, and freezing of gray iron, 
178-181 

Single-component systems, free en¬ 
ergy and equilibrium in, 38- 
44 

Skimmer, 215 

Slab, heating of a, 105-107 

Schmidt’s solution, 107, 108, 109, 
112 

Slag particles, rise of, in metal, 211 
Slag reactions, 122 
Slags, 18, 23, 120 
basic and acid, 131 
in reverberatory furnace, 147 
removal of. 217 

reversion of phosphorus in, 132 
Soldering, 205 

Solids, compounds, structure of, 22- 
25 

conductivity electrons in, 20 
crystals versus molecules, 19 
diffusion in (reference), 266 
interrelation of physical proper¬ 
ties, 20-22 
structure of, 19-25 
supercooled liquids, structure of, 
25 

theory of (reference), 264 
true, 19 

Solids, Diffusion in and through, 266 
Solids, The Modern Theory of, 264 
Solid solubility, valence electrons 
and, 54 
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Solid soluti(ftis, 9 
S<)hitions. dilnto, 99 

(*(iuilil)riuin constant in, 98-101 
99. 101, 120 
interstitial, 9 
Schmidt, 107-110 
solid, 9 
Sonims, 153 

clTcct of, on graphite formation. 

157-159 

Sf)firi’ and Time in Contemporary 
Physics, 204 
Space lattice's, 23 
Specific heat, 20-31 

at constant pressure, 30-31 
at constant volume, 30-31 
atomic, 27 

Dchye function. 27-30 
Kopp’s rule. 30 
molar, 20 

of gases, 35-30, (reference). 204 
of liejuids, 33 
metals, 207 

of products of comhustion, 70 
Sperijic Heat of Gases, 204 
S{)here, heating of, 107 
radial heat flow in, 108 
Spherulite, 103, 104 
Spontaneous reactions and heat, 84 
Sprue, 214 

level of metal in, 215 
Standard de'viation, 247-251 

and meeting of specilication, 259 
determination of, from experience, 
259 

from mean range, 250 
of correlation eoeflicient, 255 
of standard deviation, 250 
selection of, from specification, in 
(piality control, 258 2.59 
St.indard error of sum or difTerenee 
252-254 

twice, as fiduciary limit, 251 
Standard .stale. 90. 102 
State, change's of, and latent heal. 

32 37 

eepiilihrium. 39 
standartl, 90. 102 
\insteady. heat transfer in, 103 110 
Statistical control of processes, 240- 
202 

pre'cision of, 250 


Statistical control of (Cont.), quality 
control, 257 

Sta ti.st ical mathematics, methods 
of. 240 

Statistical nu'lhods. empirical justifi¬ 
cation of. 251-252 
Slalislical Mtlhods, Outline of, 209 
Statistics, correlation, 254-250 
normal distrihution, 247 
probability of errors exceeding a 
given magnitiule, 251-252 
regression coetlicic'nts. 250-257 
significant difference.s. 252 
standard deviation, measure of 
scatter. 247-251 
trends, signilicanee of, 201 
Stcaditc, 172 

Steady state, concept of. Go 
Steel, ('nine’s rule for feeiling cast¬ 
ing, 220-221 
dendrites in, 154 
deoxidized, 132 
freezing of, 152-153, 154 
low-carbon. 152-153 
metlium carbon, as ea.st, 154 
normalized, 155 
Steel bath, migration in, 134 
Steel Caslinys, The Mctalluryy of, 209 
Steelmaking, carbon-oxygen equi- 
librium in, 127-129 
open hearth (reference), 200 
physical ehemistrv of (reference), 
200 

Steel Makinij. Open Hearth, 200 
Steel Mokirni, Physical Chemistry of, 
200 

Steel scrap, carburization of. 141, 
142 

Stefan-Boltzmann equation. 113, 
118, 225 

Stokes's law, 217 
Strains, occ\irrenee of, 210 
vStresses, in complex eastings, 229 
residual, 220-229 
Stre.ss relief, reference. 209 
Stretch, amount of, specimen can 
tnulergo. 227 
rate of. 227 
Striated How , 208 
Structure of Crystals, The, 204 
Structure of Metals and Alloys, The 
205 
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Sublimation, relation of, to pres:svirc, 
G4 

Sublimation temporaturo. 03 
Sugars, as cure binders, 190 
Sugars, solutions of. 109 
Sulphide, duplex, 131 
manganese, 131-132 
Sum, standard error of, 252-254 
Supercooled liquids, 18 
structure of, 25 
Supercooling, 55-59 
and graphite form, 159-100 
cmiso of mctastahlc state, 50 
free energy and, 44 
in relation to cooling rate of 
liquid oast iron, 56 
Surface free energy, 57-59 
and size of particles, 57 
and supercooling, 50 
Surface tension, 203-207, 210 
and penetration, 212 
and wetting, 212 

change of, with temperature. 
206 

“Surface Tension of Metals (Solids). 

Theory of,” 208 
Swells, occurrence of, 210 

Tellurium, 4 

Temperature, change of constants 
with, 104 

change of latent heat of fusion 
with, 36 

change of surface tension with. 200 
change of viscosity with, 203 
critical, 15-16, 17-18, 205 
calculation of, 17-18 
Debye, 28 

effect of, in Si-O-C equilibrium, 148 
eutectic, 49 
flame, 70-71 
computation of, 76-79 
theoretical, 76 

for dephosphorusization, 132 
free energy of substances related 
to, 42, 97 

free energy versus, 42-44 
high, measurement of, 116-118 
vapor pressure of low-boiling 
metals at, 35 
increase in, 26 
Kelvin, 21, 96, 105 


Temperature (t'ont.), of insulatiMl 
face. 100 
sublimation. 03 

Temperature grtulient versus con- 
(luetivity, (iO 

Temperature inejssurcuiieTit fretei- 
ence), 2()0 

Temperature scale, 15 
Tension, surface, 203-207. 210 
intcrfacial (reference), 208 
and penetration. 212 
and wcttiiiL''. 212-213 
Tertrary systems, phase diagrams 
compared with binary, 173- 
174 

Thermal coeflicient of reaction veloc¬ 
ity, 133 

Thermal constants, 104 
Thermal expansion, coefficient ot, 30 
cubic, coelhcient of. 31 
Thermal stress (reference). 200 
Thermite, 220 
Thermocouple, 117 
corre<*tion of. 117 

Thermodynamic potential, (see nhn 
Free energy), 39 

Thermodynamics, (references), 20o 

third law of, 31, 41 
Thermometer, gas, 117 
Thrcc-phased svstems, equilibriums 
in, 172-174 
Tic lines, 177 
Time, fourth dimension, 5 
Transition triads. 8 
Trends, statistical signilicance ol. 

201 

Triads, transition, 8 
Trouton’s rule, 33, 34. 121 
Tung (China wood) oil, 190 
Turbulent flow. 208 

variation of velocity of, 200-2 M 
Two-phased diagrams, principles ol. 

151 

Uniformity, degree of. and statistics, 

246 

Universes, defined, 248 

U. S. Naval Research Laboratory, 

219 

Valence, 3, 4 
Valence crystals, 24 
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V'’alonoc electrons, and solid solubil¬ 
ity, 54 

Vanadium, 182 

\’nn der Waals’ (‘(luntion of state, 
13, 14, 202, 200 

\’an Laar’s eqiiation, 50-54, 151 
\'nn’t IIofT’s isochore, 48, 40 
Vaporization, entropy of, 35 
in melting, 120-122 
of alloys, 119-122 
Vapor pressure, 33-34, 72, 119 
free energy and, 41 
lowest, 39 
of acetylene, 101 
of cadmium (reference), 204 
of component of solution, 120 
of low-l)oiling metals at high tem¬ 
peratures, 35 
of zinc (reference), 204 
‘ \’apor Pressure of Zinc and Cad¬ 
mium over Their Silver Al¬ 
loys.” 204 

Velocity, linear crystallization, of 
graphite, 159 
linear tangential, 230 
of turbulent flow, variation of, 
209-210 

reaction, limitations on, 134-135 
thermal coefheient of, 133 
Vibrational frequencies, 27 
Viscosity, 210, 235 
change of. with temperature, 203 


Viscosity (Cont.), measurement of, 
211 

of liquids. 202-203 
unit of (poise), 203 
Viscous fluids (reference). 209 
\'olume, constant, specific heats a , 
30-31 
critical. 17 

electron (reference), 204 
\'on Kjirmdn’s universal constant, 
210 

Wall thickness, maximum in fur¬ 
naces, 07-08 
Water gas. SO, 83-91 
combustion conditions of, with 
air near lOOO^C, 89 
uses of, 83 

Water gas reaction, 83 
Welding. 205 
Wetted perimeter, 209 
Wetting, surface tension and, 212- 
213 

Widmanstatten freezing pattern of 
steel, 154 

Wiedomann-Franz equation, 21, 104, 
207 

Wien’s displacement law, 118 
Yesmann equation. 239 
Zinc. 121 
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